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SYMOPSIS 

N . R . Kr i 8h na swamy , 

Ph .D .Thesis, 

Indian Institute of Technology, Kanpur, 

April 1972 

'A STUDY OF THfi El^'FECT Oi' E^■BEDMlCNT AND RELATED FACTORS 
ON IME dynamic B£H/i.VIOUl< OF FOoTINGS ' 

Results of a series of field vibratory tests on 
massive conci"ete footings in conjunction with a relevant 
seismic investigation of the test sites arc 2 preBenteci. 

The data obtained from steady-state vibration tests 
are analysed and the effects of the following parameters on 
the dynamic response of footincjs are critically evaluated? 
a) embedment of the footing into soil, b) surcharge around 
the periphery of the footings c) shapes and sizes of the 
foundation base, d) increasing intensities of dynamic force 
application/ e) extremely moist conditions of the soil below 
the footing, and f) properties of the soil layer on A-yhich 
the footing is directly resting* 

A single-degree-of-f reedom mass-spring-dashpot 
analogue with the inclusion of a CouloiTto friction damper is 
suggested to explain analytically the dynamic behaviour of 
embedded foundations. A simple procedure is described for 
the case of an embedded footing undergoing vertical vibrations, 
by which the constant frictional force of the Goulonto friction 
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damper can be estimated. The suggested procedure takes into 
consideration the depth of embedment, the area of aicle contact 
with the soil, the density of the surrounding soil and tVie 
physical characteristics of the interface between foundation 
walls and the surrounding soil* 

The field test data obtained from the. oresont 
investigation as well as those published by other investigators 
elsewhere are compared with the values predicted by the 
proposed theoretical model. The theoretical solutions of 
the proposed model are graphically presented in nondirnenslonal 
form so as to render them useful for purposes of design and 
analyses.. 




CTAPTER 1 


INTRODUCTION 


1 , 1 general 

In recent years, important new advances have been 
made in our knowledge concerning the vibrations of soils 
and foundations, "This knowledge is of great significance 
to engineers dealing with design problems of machine 
foundations, highway and airport pavements, railway embank- 
ments, bridges, radar towers, missile launching pads and 
other civil engineering structures which are required to 
resist dynamic loads such as those due to vibrating machinery 
periodic or intermittent wind forces, traffic, blasts, 
earthquakes etc. The main purpose in the design of any of 
these structures Is to limit motions to values which are 
permissible. The basis for .determining the permissible 
Values, however, depends on the criteria for failure of the 
design function of the structure in question. For example, 
the permissible value of motions for design of a particular 
machine foundation may be the one which would not cause 
distress to couplings or wear of bearings and parts of the 
machine, leading to unsafe operations. In some oases, the 
criteria, may be to limit motions transmitted into the ground 
which may otherwise cause discomfort to persons or damage to 
adjaGerit structures by vibration and settlement. 
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In soil dynamics, a great deal o£ effort is directed 
towards understanding the behaviour of a foundation subjected 
to periodic forces. This, no doubt, directly helps in solving 
foundation problems involving dynamic loads generated by 
several kinds of industrial machinery such as compressors, 
reciprocating machines and rotating engines. The same 
principles and concepts can be utilized for problems Involving 
random or transient force pulses due to impacts, blasts and 
earthquakes , 

The design of a- machine foundation subjected to 
harmonic exciting forces usually involves the prediction of 
maximum amplitudes that might occur when the frequency of 
exciting forces generated by the machine coincides with the 
natural frequency of the soil~foundation system. The 
frequency at which the maximum amplitude occurs is usually 
called the resonant frequency in soil dynamics literature. 

The design of a machine foundation is invariably done by 
keeping the operating frequency of the machine as much away 
from the resonant frequency as possible , In addition, the 
responsr? of the foundation block is of interest since the 
machine is to frequently go from a standing start to the 
operating frequency,: 

Machine foundations can be either bio cl< foundations 
or framed foundations. Turbines require framed foundations 



whose columns supporting the foundation table act as springs, 
thereby introducing several degress of freedom to the system . 

A discussion on the behaviour of framed foundations is 
beyond the scope of this dissertation. The focus of attention 
will,- therefore, be limited to the analysis of block founda- 
tions in direct contact with the supporting soil. 

A massive block foundation resting directly on the 
soil may be considered to possess six degrees of freedom 
because of its ability to vibrate in vertical/ longitudinal, 
or lateral translation and the rotational modes of rocking, 
pitching, or yawing . These motions are illustrated in 
Figure I*!, Although a rigid body possesses six. degrees of 
freedom, the positioning of the coordinate axes in an equi- 
valent axially symmetric case results in only four independent 
modes of motion, denoted by vertical., horizontal, rocking 
and torsional modes of vibration as shown in Figure 1.2. 

The axially symmetric representation of the rigid body or 
the massive block foundation lends itself more easily to 
rigorous mathematical treatments of the problem. In machine 
foundations vertical, rocking and some type of coupled motions 
involving both rocking and sliding vibrations are very common. 

1,2 : BACK3FWUND:' ■ ^ 

One of the earliest approaches to the study of founda- 
tion vibrations in any one of above mentioned modes, consider*' 
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the oscillating foundation-soil system to behave as a lumped 
mass supported by a weightless spring and subjected to 
viscous damping . The simple theory, however, was too inade- 
quate to explain the available results of field vibratory 
tests . 


Therefore, the theory of a rigid mass oscillating on 
the surface, of a linearly elastic, isotropic and homogenous 
half-space, wVilch is more rational, has become the basis for 
many of the existing analyses of the dynamics of foundations. 
Reissner(5l) formulated this mixed boundary value problem 
during 1930"^ s to give an analytical solution for the perioviic 
vertical displacement at the centre of a circular loaded 
area assuming uniform pressure distribution. The theory was 
later extended by Quinlan(5o) and Sung (57) to cover various 
contact pressure distributions under th^ footing. Further 
improvements were made by Bycroft(9) by considering the 
weighted average of the displacements beneath the footing, 
and talcing into account the internal friction in the soil. 

He solved the problem for other types of motion besides the 
vertical one. The problem of a rigid mass oscillating on 
the half- space has also been solved by Borodatchev(3) and 
Awojobi and Grootenhuis(3) as a contact problem without any 
assumed type of pressure distribution under the base. The 
problem of vertical and torsional oscillations of a rigid 



mass supported on an elastic layer which in turn is supported 
by a semi-infinite rigid body has been treated by Arnold, 
Bycroft and Warburton(2) , Bycroft (9) and WarburtonC 6l) . 

Though the half-space theory has been vastly developed 
to get the best possible estimates of the response of a vibrat 
ing footing, it is still preferable to use the concepts and 
formulae derived from the si ngle-degree-of -freedom mass- 
spri ng-dashpot system. This is especially true since the 
development of the simplified lumped system analogues (31, 

17, 42, 22) wherein the results of the elastic half-apace 
theory are ejqpressed interms of the parameters of a single- 
degreo-of-freedom system, 

1.3 SCOPE 

In spite of all the above mentioned developments, 
foundations in practice pose several problems which are not 
fully explained by the existing theoretical models. The 
serious departures from the theory encountered in practice 
are mainly due to the nonlinear nat'-ire of the response of 
footings with higher dynamic force levels, the effects of 
variation of soil properties with deoth, the effects of base 
size and shape and the effects due to embedment of the footina 
and the surrouriding surcharge. 

The scope of this dissertation is to examine, in 
general/ the above deviations from the theory with the help 
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of data obtained from a comprehensive programme of field 
vibratory tests on massive concrete footings in conjunction 
with a thorough seismic investigation of the test site. The 
present study, however, attempts to examine the effects due 
to embedment of the footing in greater detail. 

One of the simplified assumptions of the current 
theoretical models is that the vibrating body rests on the 
surface of the soil or the so called 'half-space' . MowevcDr, 
in practice, foundations are always partially or fully 
embedded into the soil with the result that their vibratory 
responses are greatly affected. 

The problem of the vibrations of embedded foundation 
has not received wide attention, probably because the design 
calculations with respect to amplitudes of motion would err 
on the conservative side when the effect of embedment is 
neglected. However, a realistic assessment of the effect 
of oiTlbedment, in quantitative terms/ will lead to more 
economic and safe designs besides narrowing the present gap 
between theoretically predicted values and experimentally 
observed data. 

In this dissertation, a single-degree-of-freedom 
lumped system analogue with the inclusion of a Coulomb friction 
damper has been proposed to describe the effects due to 
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embedment in an independent manner. A simple method has 
been evolved to calculate the Xinematic frictional force 
that is likely to be mobilized as a result of embedment, 
taking into consideration the physical characteristics of 
the interface between the foundation wall and the surrounding 
soil . The correlation between the values predicted by the 
proposed theoretical model and the experimental results has 
been discussed herein with the help of data obtained from a 
comprehensive programme of field vibratory tests on embedded 
concrete footings. 

This dissertation deals exclusively with steady- 
state vertical vibrations and does not include other modes 
of vibration. The proposed theoretical model, however, can 
be used for transient excitation also, if desired. 

1 . 4 PRESBISITATION 

A review of relevant literature relating to previous 
investigations on foundation vibrations are presented in 
Chapter 2, This review briefly describes the development of 
the mass-spring-dashpot models/ the elastic half-space models 
and the subsequent lumped parameter analogue models. This is 
followed by a review of theoretical investigations pertaining 
to embedded foundations. Finally the results of some previous 
field investigations of similar nature are briefly discussed. 
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Chapter 3 is devoted to bring out the essential 
features of the two programmes of field vibratory tests 
conducted at Indian Institute of Technology^ Kanputy and 
Chakeri, Kanpur. This includes the site plans of the test 
areas, the soil profiles at the test sites and a description 
of the sequence of instmmentation and related measurements. 
Details of surface seismic investigations and steady-state 
vibratory tests are also elucidated in Chapter 3, 

Chapter 4 discusses the results of seismic investi- 
gations in terms of the in situ dynamic soil properties. A 
method to obtain the approximate value of dynamic shear 
modulus of soil on the basis of confining pressure is also 
described in Chapter 4. 

The results of steady-state vibratory tests are 
presented in Chapter 5 wherein the nonlinear nature of the 
subgrade resistance with higher dynamic force levels, the 
effect of moisture in soils, the effect of size and shape of 
the footings on the dynamic response of the footings are 
discussed. 

The observed dynamic response of the test bases with 
various heights of contact with the backfilled soil is 
presented in Chapter 6* The results of field vibratory tests 
on embedded fbotirigs conducted by other investigators 
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elsewhere are also included in the same Chapter. 

In order to understand the effect of frictionless 
surcharge around the periphery of the vibrating footing, 
some special tests were conducted wherein the interface 
between the vertical walls of the footing and surrounding 
backfilled soil was eliminated by means of a rigid box-like 
enclosure. The results of these tests are elucidated in 
Chapter 7 , 

Chapter 8 is devoted to demonstrate the versatility 
of the proposed single-degree-of-freedom lumped mass-spring- 
dashpot model with the addition of a Coulomb friction damper 
in describing the effect of embedment in an independent manner. 
The theoretical solutions of the proposed model are graphically 
presented so as to render them useful for purposes of design 
and analyses. A simple procedure to evaluate the constant 
frictional force that is likely to be motailizied as a conseguence 
of embedment of the footing into the soil is described in the 
same Chapter, A comparison of the experimentally observed 
values with those of th© values predicted by the proposed 
lumped parameter analogue is also included in Chapter 8. 

The findings of the present study are discussed in a 
comprehensive manner along with a set of recommendations for 

further studies in Chapter , 
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A brief summary consisting of some useful conclusions 
which have been arrived at as a result of this investigation, 
is presented in Chapter 10. 
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CHAPTER 2 

THEORETi;CAL BACKGROUND AND 
REVIEW OF PREVIOUS INVESTIGATIONS 

2 . 1 GENERAL 

One of the first attempts to solve the problem of 
foundation vibrations was made by assuming that the soil- 
foundation system consisted of a linear, weightless spring 
and a dashpot with the mass of the foundation block respresent- 
ing the total vibrating mass. The validity of this simple j 

theory was questioned as early as 1933 when the experimental ; 

findings of Hertwig, Friih and Lorenz (29) were published in [ 

! 

Germany. The variation of natural frequency' and damping of 

i 

the system with the base area of the footing and the exciting 
forces could not be explained by the simple theory. | 

' ; i 

Some investigators (4, 11, 48) suggested that a certain | 
amount: of 'in-phase' vibrating mass of soil be added to the j 
total mass of the. footing to find agreement with regard to . , j 

natural frequency, .Many of these attempts were empirical i 

by nature and the theoretically computed values agreed with ; j 
those from ex’periments for only a particular set of circum- | 

stances , . For instance, Crockett and Hammond (11) and : j 

Balakrishna Hap and Nagafa j (4) attempted the problem in | 
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which the estimation of the apparent mass of in-phase soil 
was based on the volume of a certain pressure bulb under the 
foundation. These methods do not take into consideration 
the effect of variation of certain important parameters such 
as/ Poisson' s ratio of the soil/ the pressure distribution 
under the base, etc. Pauw (48) developed a method for 
calculating the appa ix^ntniass of in-phase soil by considering 
the foundation mass to be supported loy n trunccited mass of 
soil sorings. These methods/ however, failed to provide 
satisfactory answers for design purpovses. For many similar 
reasons, the mass-saring-dashpot model was considered to 
have lost its potential as a research tool to analyse 
foundation vibrations. 

It is rather interesting to note the parallel 
development of the theory of an oscillating body resting on 
the surface of an elastic half-space, published by Reissner 
(5l) as early as 1936, in the context of foundation yibratio 
The elastic half-space theory provides a more rational metho' 
of determining the response of a foundation subjected to 
dynamic loading than the simple mass-spri ng-dashpot model. 
The theory can accommodate the effects of varying the shear 
modulus, Roisson' s ratio, the density of the soil, the 
pressure distributiott and the mass and radius of the 
foundation .The evolution of the theory by different 
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stages and the organisation of the theory into a useful 
form are briefly reviewed in Section 2.3. 

Since the development of the so called lumped 
system analogues \>/herein the results of the elastic half- 
space theory are expressed in terms of the parameters of a 
single-degree-of-f reedom system, there is a significant 
revival of interest in the potentialities of the mass-spring- 
dashpot model. The formulae and concepts derived from a 
single-degree-of-f reedom mass-spring-dashpot system are 
profusely ref '.-rx'ed for practical calculations in the present 
investigation also. Therefore, the theoretical aspects of 
the single-degree-of-f reedom system is briefly presented in 
the following Section. 

2.2 mass -SPRING -DASIPOT SYSTEM 
2.2.1 Free Vibrations 

A mass attached to a weightless spring and a dashpot 
as shov^n in Figure 8, l(a) has an equation of free vibration 
given by 

M X + C X + K X = 0, ^2.1) 

where 

X = time dependent displacement of the mass, M; 

X = time dependent velocity of the mass, M; 

; r X = time dependent acce^^^ of the mass, M* 
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K = the spring constant; and 

G Ts the coefficient of viscous damning. 

The undanped nahural circular frequency of the 
system is given by 

/ K/k" (2.2) 

The solution of Eq. 2.1, in order that th€5 maSvS can 
undergo oscillations whose amv^litudes decay with time is 
given by 

I o 

X = Gxp(-CA3j^Dt) (A^ SinCOj^t,/l-D ‘ + A. Cos CO^t ^ 1-D.' ) 

(2.3) 

where and Aj are arbitrary constants; t is the time and 
D is tV\e nondimensional damping factor which is defined as 

I 

D = C/C^ (2.4) 

where is called the critical damping coefficient and is 
given by 

e^= g/TTM (2.5) 

It may be noted that the frequency of free vibrations 
in the damped case is less than the undamped natural circular 
frequency and is given by 

63. = U) (2.6) 

, V ; :d: ^'n '' ; : 

A convenient way to determine the amount of damping 
present in a system is to measure the rate of decay of free 
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oscillations. This is conveniently expressed by a term 
called ' logarithmic decrement' which is defined as the 
natural logarithm of the ratio of any two successive 
amplitudes of motions, or 


c 


^ = In 


X, 


ol 


277 b 


X 


(2.7) 


o2 


y ? 

/l- 


2.2.2 Forced Vibrations with Constant Forcing Function 

The differential equation of motion for cx viscously 
damped, lumped mass-spring system, excited by a force 
Q(t) = SinCOt, as shown in Figure 8.1(a) can be written 
as 

M X + C X + K X = SinCot (2.8) 

where is the amplitude of the harmonic exciting force and 
CO is the circular frequency of harmonic excitation. 

Since the free vibration of a damped system 
eventually approaches zero after a number of oscillations, 
only the steady-state response remains to be cons ide red. 

The part of the solution which remains then is the particular 
solution corresponding to the steady-state vibration. The 
particular solution tnay be taken as 

(2 .9) 

in which X^ is the amplitude of displacement of the mass, H 
and is the phase angle between the force and the resulting 
motion . 
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By substituting the value of X from Eq, 2,9 into Eq. 8, one 
obtains 

Sin((.0t-^J) + CWX^ Cos (tOt-^J) + K X^ Sin(Cot-'^V) 

= Qq Sin CJt (2.10) 

Setting, (tot-t^^) = 0 and ((..Ot-Vj)) =^~V2, two relationships 
between the unknowns and Vj/* , giving 


CCs)X^ = Sin 
(K - MU) CosVp 

Solving for X^ and Ip gives 


Q 


o 


X^ = 
o 


2 2 2 2 
( K - MU) + C OO 


( 2 , 11 ) 
( 2 . 12 ) 

(2 .13) 


Tan 


4^ = 


c ai 


( 2 . 14 ) 


K MCJ 

Substitution of the expressions for D and in Eqs, 2,13 
and 2,14 gives 


X., 


o 


(2,15) 


Qo 

TT 


Tan 


y = 


2 D 


( 2 . 16 ) 


1 - 


n' 


Eq. 2 ,15 defines the dimensionless amplitude factor and is 


plotted against the frequency ratio/ 


n 


for various values 
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of the damping factor, D, in Figure 2.1(a) . It can be 
verified that the maximum value of in Eq.. 2,15 is located 
at a frequency 


0^3 — CO 

r n 



(2 .17) 


and has a maximum amplitude of 


Qo/K 



( 2 . 18) 


Thoughout the remainder of the text, the resonant frequency, 
0 ^ ^ will be referred to as the frequency which corresponds 
to the maximum eimplitude of motion. 


2.2,3 Forced Vibrations with Rotating -Mass -Type Excitation 
In many types of machinery the vibrations are produced 
by forces from unbalanced rotating components. The amplitudes 
of such forces vary directly as the square of the frequency 
of oscillations. The' harmonic exciting force caused by an 
eccentric rotating mass, which is typical of many existing 
machinery and of v.lbration- testing machines, can be represented 
as . 

Q(t) ~ Sin OJ)t (2.19) 

in which m^ is the. eGCentric mass and e is the radius of 
eccentricity of the rotating mass . 
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The yteady— state solution of Eq. 2.8 with the forcing 
function described by Eq, 2.19, can be written in the fosnn 
of dimensionless amplitude factor as 


^ ^o ^ (2.20) 

•^o® /'T- Til 1“ 

1/ 1 - ) I + (2 DCJ/c^) ) 

' L J ^ 

and is plotted against the frequency ratio, / for 

various values of the damping factor, D, in Figure 2.1(b) . 


It can be verified that the maximum value of X in 

o 

Eq. 2.20 occurs at a frequency 

r 

and has a maximum amplitude of 




2.3 THE ELASTIC HALF-SPACE THi^JORY 
2,3.1 General Remarks 

The behaviour of a foundation block vibrating on soil 
can be approximated by a mass vibrating on the surface of an 
elastic semiinfinite medium or the so called 'elastic half- 
space' as shown in Figure 8.1(a) . It is then possible to 
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develop a mathematical theory to obtain the dynamic response 
of the mass resting on thc-j elastic medium, which is considered 
as homogeneous and isotr pic. 

The origin of the development of this approach can 
be traced to 3jar'’' (38) who derived a solution to the problem 
of a harmonic point loading on a semi-infinite medium in 
1904. Keissner (51) found the solution Cor the periodic 
vertical displacement of a vibrating body by integrating 
Lamb's solution over a circular area. He assumed that the 
pressure distribution was uniform. Quin i an (5 ' established 
equations for contact pressures which vary across a diamoto. 
of the contact area with a parabolic distribution/ with a 
uniform distribution and with the distribition corresponding 
to a rigid-base case. He developed solution only Cor the 
rigid base case. Sung (57) also established the basic 
equations for the pressure distributions and presented 
solutions for each case, Bycroft (9) , Bora-latchev (8), 

Awojobi and Grootcnhuis (3) and others also have solved . 

the axially symmetric problem for the case of vertical 
vibration. All of the solutions differ depending on the 
researcher' s assumptions as to the pressure distribution 
under the footing and the deformation considered in the 
solution for the cases when the footing is not considered 
rigid. The following section presents the salient features 
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of the general solution of the half-space as solved by 
Reissner (5l) and other previously mentioned researchers. 


2.3.2 Results of the Elastic Half-space Theory 

In their actual studies of the problem, Reissner (5l), 
Quinlan (50) and Sung (57) considered the contact area 
between the oscillating body and the half-space to be 
circular and of radius, r^. The response of the oscillating 
mass on the half-space was found to depend on the following 
parameters! ' 

1) the radius, r^ of the contact area and the total 
mass, M of the oscillating body or the footing and vibrator 
assembly wViich rests on the surface of the elastic half- 


space; 

2) the amplitude of the total dynamic force applied, 

3) the distribution of the contact pressure on the 
circular contact area; and 

4) the shear modulus/ G, the Poisson 's ratio 

and the mass densi ty, of the soil . 

In developing the solutions, Reissner (5l) found it 
convenient to establish two dimensionless parameters which 
relate the physical quantities involved* They ares 

1) 'the. dimensionless frequency factor expressed as 

■ (2.-23) 
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where 03 is the circular irrequency of excitation; if the 
radiu£5 of the contact area; yO is the mass density of the 
elastic body or soil; and G is the shear modulus of elasticity 
of the soil, 

2) the dimensionless mass ratio expressed as 

b = M /yO (2.24) 

where h is the total mass of the vibrating footing and the 
excitincj me cVian ism, which rests on the surface of the cslastic 
half~spac<D, 


After complicated mathematical computations, which 
are omitted here, but may be found in the paoers by Quinlan 
( 5o) or Sung (57), the vertical displacement, X at the centre 
of the circular loaded area of the surface is given by 


X = 


Pq exp( i Qt) 


G r. 


( fi + i f2 ) 


(2.2 5) 


where is the amplitude of the total periodic force acting 
on the circular contact area of the elastic half-space; and 


and f2 
depending 
Poisson' s 


are the time-independent amplitude functions 
on the dimensionless frequency factor, a^ and 

ratio, /X* 


It may be noted that in Eq, 2,25, displacement , X and 
the force, P^ are considered as positive while in the downward 
direction. 
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The expression for the amplitude of displaceTnent is 


given by 


Xo = I (2.26) 

where Qq is the amplitude of the external force acting on the 
circular footing. 


The phc\se angle between the external force, 

Q == Q exp(iCA)t), and tVie displacement, X can be expressed as 


Tan y p ^ ^ (2.27) 

— f + b Sq ^ ^ 1 2 ^ 

Sung (57) established values for the displacement 
functions f^ and f 2 used in iSq. 2,25, for values of O, 

1/4, 1/3 and 1/2 and for each of the throe base-pressure 
distributions over the range of from o to 1,5. Ricbart (54) 
put the half-space solutions of Sung (57) in a form which Is 
convenient for finding the resonant frequency and the 
amplitude of motion at the resonant frequency. 

Analytical solutions for vertically vibrating loads 
on a retangular surface of the elastic half-space were 
attempted by integrating Ijamb' s solution by Kotaori (36) , 
Thomson and Kpbori (59) :and recently by Eiorduy, Nieto 
and Szehely (14) . 
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Analytical solutions for the torsional oscillations 
of a circular footing resting on the the ;6ur£ace of the 
elastic half-space were developed by Reissner (52) and 
Reissner and Sagoci (53) . The theoretical solutions for 
the torsional oscillations revealed, that the energy is 
dissipated by propogation of elastic shear waves and that 
the torsional oscillation is an uncoupled motion whlcli can 
be treated independently of the possible vertical motion of 
the footing. It is of interest to note that torsional osci- 
llations are not influenced by Poisson's ratio. 

Analytical solutions for the. rocking oscillation of 
footings resting on the elastic half-soace were presented 
by Arnold, Bycroft and Warburton (2) and by Bycroft (9) , 

The problem of horizontal translation or sliding oscillations 
of a circular disc on the half-space, which can exist only 
in a mathematical sense, was solved by Arnold, Bycroft and 
Warburton (2) and Bycroft (9) . 

Reissner (52) outlined the method of solution for 
the case of torsional oscillation of a circulcir footing on 
a layered system and Arnold, Bycroft and Warburton (2) and 
Bycroft (9) presented some solutions to this problem. The ' 
problem of vertical oscillations of the rigid circular footing 
on the elastiG layer was treated by Arnold et al, (2), 
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Bycro£t ( 9 ) , and Warburton (61) . A detailed discussion on 
the findings of the above mentioned investigators is beyond 
the scope of the present dissertation. However, an excellent 
review on the development of the elastic half-space theory 
and the significant contributions by several investigators 
has been published by Ri chart, Hall and Woods (55) . 

2.4 RHORGm'^IZ.ATION OF HALF^SPACE SOLUTION 
2.4.1 G eomet ri cal Damp! ng 

Obsejrvation of the response curves of the half-space 
solution as given by Eq. 2.26 shows motions of finite ampli- 
tude at all frequencies even though no damping is considered 
in the material itself. This is because the energy loss 
takes place by the propogation of elastic waves away from 

♦1 

the source of vibrations. There can be no reflection of these 
waves as the medium is considered infinite in extent. Thus, 
the wave will continue to propogate outward while carrying 
off the input energy. The consequent damping effect is 
referred to in the literature as 'geometric damping' . This 
aspect of the half-space solution has prompted several 
researchers like Hsieh (3l) , Lysmer ( 4o) , Hall (22) and 
others to rearrange the half-space solution into a form 
similar to that of a single-degree-of-freedom system. Their 
works a re revi ewed by Rich art , Hall a n d Wood s (55) and the 
following condensation is presented. 
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2.4.2 Hsieh' s Equations 

The solution of the half-space theory is given by 
Eq, 2.25. By differentiating Eq, 2.25 with respect to time/ 
Hsieh obtained 


X = 


P^OOexpCico t) 
G r„ 


( i - f2^ 


(2 . 28 ) 


combining Eq. 2.25 and Eq, 2.28 one obtains 


f^CJX - f2 X 


Po 


G r. 


( + £2) exp(iCv>t) 


putting P ~ Pq expCiCA^t) , one obtains 


(2.29^ 


P « - 


G 


to 


f2 


U) { f? + f?) 


X + G r. 


o 


£1 


X 


■ l T J-2/ ( f ^ •+■ £|) 

The equation of motion of a mass on a half-space may be 
written as 

M X = Q - P 

where Q = exp( 16 .jt), 

Eqa . 2,30 and 2.31 can be combined and written as 
M X + C X + K X =. Q exp(iCot) 


C2 .30) 


where 


and 


( To / aQ)/( GyO) ( 


- f2 


ff + ft 


) 


K 


G r. 


fl 


(£? + £?> 


(2,31) 


(2.32) 

(2.33) 

(2.34) 
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Eq. 2,32 has the same general form as the equilibrium 
equation for the damped single-degree-of-f reedom system 
except that both C and K are functions of the frequency of 
vibration . 

2.4,3 Lysmer‘ s Analogue 

The vertical motion of a rigid circular footing was 
studied by Lysmer (4o) by considering a footing made up of 
a series of concentric rings. By applying uniform presvsures 
of different magnitudes on each ring/ he was able to develop 
a constant deflection under the footing and to evaluate the 
dynamic response of the footing. In his calculations, he 
used new displacement functions, and P 2 'which were obtaied 
by multiplying the displacement functions and £2 by a 
factor / 4 / ( 1 -^t)/in order to render them essentially 
Independent of Poisson's ratio, . Lysmer calculated the 
values of Fj^ and curves ovc?r the range of frequency 
factor ( 0<a <8.0 ) whereas the previous investigators 
considered the displacement functions upto a^ ~ 1.5, Lysmer 
developed response curves by introducing a modified dimension~ 
less mass ratio 

B = -LUsZiL. b = ( irif ) c — i- ) (2.35) 

4 :/>4 

which essentially eliminated the incluence of Poisson' s ratH '• 
He developed the response curves by introducing the modified 
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expressions of and F , and B into Eq. 2.26 for cases 
corresponding to a constant force excitation and rotating 
mass excitation/ 

After studying the variations of the effective 
damping and spring terms with frequency term, in Eqs. 2.33 
and 2,34, Lysmer discovered tViat constant values of these 
quantities which are independent of frequency, could be u.sed 
to get satisfactory response curves. He chose the spring 
constant equal to the static value 

K = (2,36) 

1 ~ 

and found the best fit for the damping term in the range 
( 0<aj^<1.0 ) to be 

2 

C = ^-1*^ /o^ ■ (2,37) 

( 1 

Because the agreement between the response curves obtained 
by using -Eqs . 2 .36 and 2 ,37 in -Eq, 2 ,32 with those obtained 
by using Eqs. 2,33 and 2,34 in Eg. 2.32 is so remarkable, 
it is sufficient to use the approximate expressions in 
Eqs. 2.36 and 2,37 in Eq, 2,32 to describe the vertical 
oscillations of the rigid circular footing on the elastic 
half~space . Thus, the differential equation of motion for 
the foundation-soil system illustrated in Figure 8.1(a) can 
be written as 
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M X + IpG X + ? X = 0(t) (2.38) 

( 1 ( 1 ~^) 

and is known as Lysmer' s analogue . 


The dimensionless damping f actor ^ D as described in 
Eq. 2.4/ according to Lysmer' s analogue/ is given by 


D 


0.42 5 


(2.39) 


The direct consequence of Lysmer' s study was in 
establishing the bridge between the elastic half-space 
theory and the mass-spri ng-dashpot system and v>^oviding values 
of damping and spring constants which are independent of 
frequency of vibrations. 


2.4.4 Hall's Analogues 

Following the success of Lysmer in developing a 
mass-spring-dashpot analogue to the vertical vibration of a 
footing resting on the half-space. Hall (22) followed this 
approach to study the same problem for rocking/ sliding and 
coupled rocking and sliding modes of vibrations. The 
mathematical treatment will not be repeated here, but it may 
be found in the original paper or in the reviews of Rlchart, 
Hall and Woods (55) . 
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2,5 LIMITATIONS OF THK HALF-SPACE THEORY 

2.5.1 General Remarks 

Inspite of its rationality and usefulness there are 
still c[uestions which the elastic half-space theory leaves 
unanswered. The effect of embedment of the footing is not 
considered since the theory is built on the assumption that 
the vibrating mass rests on the surface of the elastic half- 
space . Similarly, the effects of the nonlinearity and 
inelastic behaviour of the soil subgrade are not considered 
since the theory depends on an ideal elastic half-space. 

The lialf-space theory can, however, be used as the 
basis for developing simpler models such as the single-degre 
of-freedom lumped parameter models which closely approximate 
the half-space behaviour but allow extension into other 
areas such as nonlinearity and inclusion of , Interfacial 
damping due to embedment. These are the subjects of study 
described in subsequent chapters. 

2.5.2 Nonlinearity 

There are several theories and procedures which 
treat the behaviour of foundations resting on nonlinear 
media. The usefulness of these procedures become imminent 
to describe the behaviour of fbundation-soil systems under 
higher strain amplitudes when the foundation under question 
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is subjected to large dynamic forces. Lorenz (39) attempted 
the problem by suggesting a nonlinear resivStarice function 
which could be analysed graphically. Robson (68) thought 
that the resistance curve of the soil might be represented 
by a numerical series. Novak (46) has suggested the develop' 
ment of a nonlinear theory of a lumped mass system allowing 
for nonlinear restoring force as well as nonlinear damping, 
Alpan (l) presented as extension of the procedure suggested 
by Loronz (39) into the range of the natviral frequencies and 
considered the effect of damping also. Funston and Hall (18) 
have attempted the problem by describing two types of 
resistance curves which exhibit nonlinear softening 
characterstics . The usefulness of many of the above 
procedures is not being fully ejqplored since standard 
methods for identifying the nonlinear behaviour of soils 
under large strain amplitudes are not easily available. 

2.5,3 Embedment 

The theoretical formulation for the problem of 
embedded foundation-soil system has been attempted by some 
investigators following two distinctly different approaches. 
One of the approaches retains the original concept that the 
soil can be represented by a linearly elastic, isotropic and 

homogeneous half-space or semi-infinite medium. The other 
approach treats the infinite media as a finite model to get 
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solutions by numerical methods. 

The foinner approach has been adopted by some 
investigators and is reviewed by Novak (47) . Baranov (5), 
for example, attempted to get an approximate theoretical 
solution of the effect of embedment by considering the dynamic 
reaction below the foundation base as well as along the 
foundation sides which are in contact with the surrounding 
soil. The dynamic reaction below the base was calculatGcl 
by treabing the base to rest on the surface of a somi-inf inito 
elastic mediarn while a system of horizonteil infinitesimally 
thin layers wore assumed to eastimate the dynamic forces 
along the si ies of the foundation. The theoretical solutions 
worked out by Baranov (5) included all basic types of motion 
and confinned that the effect of embedment is to reduce the 
maximum amplitudes and increase the resonant frequencies. 
Toshkov (58) attempted the samo problem by assuming a 
hemispherical footing. 

The effect of embedment was studied by Kaldjian (34) 
using the latter approach. He prepared a solution for the 
problem by finite element method in terms of a finite static 
model and demonstrated the changes in the vertical spring 
constant for circular footings with embedment. He considered 
the case of footing mobilizing skin frictional resistance 
along the sides as well as resistance by pressure on the base. 
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He also considered the case of footing developing resistance 
by the pressure of base alono by neglecting the ski'n frictinal 
resistance along the sides, Kaldjian (35) has recently 
demonstrated the changes in the torsional stiffness for 
embedded footings by following a similar approach. 

The problem of embedment was more rigorously treated 
by Lysmer and Kuhlemeycr (41) by considering a finite dynamic 
model. This dynamic mold is more rational in the sense 
that proper boundary conditions ensuring almost complete 
absorption of wave energy at specified boundaries have been 
analytically found out. 

As the numerical methods are not directly applicable 
to infinite systems, Lysmer and Kuhlemeyer (4l) evolved a 
general method through which an infinite system may be 
approximated by a finite system with a special viscous 
boundary condition. In doing so, they investigated different 
possibilities for expressing this boundary condition 
analytically and found that the viscous boundary condition 
defined by 

(y-^ = ai yCV Vp w (2.40) 

and . , : , 

^ Vg U (2,41) 

is a nearly perfect absorber of harmonic elastic waves, in 
which 0^ and are the normal and shear stress, 
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respectively; w and a are the normal and tangential velocities; 
yO is the mass density; and aire the velocities of P 

and S waves# resoectively ; and and bj are dimensionless 

parameters. The proposed boundary condition corresponded 
to a situation in which the convex boundary was supoorted on 
infinitesimal dashpots oriented, normal and tangentieil to 
the boundary. The boundary, when aj_ ~ bj =1 resulted in 
95 % absorption of S wave energies and has been referred to 
as the standard viscous boundary by the investigators (4l) . 

Lysmer and Kuhlemeyer- (4l) found that it was possible 
to design a viscous boundary for steady-state problems which 
can completely absorb Rayleigh waves. The required boundary 
was similar to the viscous boundary defined in . 2 .40 and 
2.41 except that the parameter.s aj_ and varied with the 
distance from the free surface. The mathematical expressions 
involved to obtain the variation of aj. and bj^ with the 
distance from the free surface ie omitted here and can be 
found in the original paper by Lysmer and Kuhlemeyer (4l) . 

They, however, concluded that at depths greater than one- 
half wave length, the parameters and taj^ approached 
constant values . 

The above method was applied by Lysmer and Kuhlemeyer 
(4l) to the axi symmetric foundation problem wherein a finite 
mpdol of -the infinite system was formed by replacing the far 
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field with the suggested viscous boundary conditions. The 
finite model was used to obtain the dimensionless displacement 
functions/ and F 2 , described in Section 2.4.3 , by means 
of finite element method. 

Lysmer and Kuhlemeyer (4l) have reported numerical 
results which were obtained with two basic models? l) A 
small model with 238 nodal points and a distance to the 
viscous boundary of 3/4 times the wave length of Rayleigh 
waves; and 2) a large model with 632 nodal points and a 
distance to the boundary of times the wave length of 
Rayleigh waves. They have reported tViat the total processing 
time required, in a CDC 6400 computer, to obtain a value of 

^1 and F 2 at one frequency was 2 minutes for the small model 
and 8 minutes for the large model. Good agreement was 
reported only with the large model when comparisons were 
made between the values obtained from the finite model and 
those from the existing infirtite model.s . 

Lysmer and Kuhlemeyer (4l) adopted the large model, - 
mentioned above, and also solved the problem of a rough 
rigid footing, embedded in half-space. The problem, which was 
solved by the finite element method, yielded displacement 
functions, Fj^ and F^ , for two ratios of foundation depth, H 
to the footing radiu.g, r-Q. They were for the cases when 
H/rQ = 0 .5 and 1,0 respectively . The response of an 
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embedded footing for the above mentioned two cases was found 
out usinv ;3 the concepts and formulae described in Section 2.3.2 

2.6 PREVIOUS E}(PEKlMebT^-.L INVEbTIGATIONS 

One of the earliest experiments in the field of 
foundation vibrations were carried out by the German Research 

Society for Soil Mechanics^ known as DtGGBO during the early 

# 

1930s, This group developed a rotating mass tncichanical 
vibrator with four eccentric masses to excite test bases 
into vertical and torsional modes of vibration. A report on 
the findings of D^^GfiBO was published by Hertwig, Frlih and 
Lorens (29). The experiments carried out by DEGEBO indicate 
that it is very difficult to fit the test results into a* 
singie-degree~of-£reedom mass-spri ng-dashpot system. This 
was because the damping constant was different for different 
tests . X’he experiments revealed that dynamic response was 
nonlinear and settlements developed during tests on sand. 

The report included a table of natural frequencies of soil .a 
which led many people to believe that soil has a natural 
frequency which defended only on the type of soil involved 
but not OTJ either the geometry of the foundation or the 
intensity of load applications. 

Crockett and Hammond (ll) conducted some tests by 
striking a foundation with a sudden blow in order bo measure 
the so called ' natural frequencies of soils ‘ which were 
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thought by nv-iny to be characteristics of the type of soil 
involved. They also conducted some steady-state vibration 
tests and observed the results contradicting the linear theory 
of the stngle-degree-of-f reedom systems . Therefore they 
suggested a specific value of the apparent mass of soil, in- 
phase with the vibrations, which is influenced by the weight 
of soil within a certain 'bulb of pressure' . 

Jones (33) conducted some field investigations in 
order to measure the in situ dynamic properties of soil . He 
showed thcit steady-state Love waves could be used to determine 
the shear wave velocity in the upper medium of a layered half- 
space and also the thickness of the upper layer, Jones also 
conducted some steady-state vibratory tests to determine the 
resonant frequency of a small electro-magnetic vibrator, 
excited to vertical vibrations, on th® surface of the soil. 

He analysed the observed dynamic response of his teats using 
the elastic half-space theory, Jones confirmed the observa- 
tion that the modulus of a soil is higher under a high confin- 
ing pressure by adding more dead weight to the vibrator. 

Heuke lorn and Foster ( 3 o) demonstrated the possibilities 
of vibratory tc^sts to determine the dynamic properties of 
underlying strata of pavejments. They were able to measure 
three different Rayliegh wave velocities in the four layer 
highway profile , They used an elecro-magnetic type of 
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Vibrator in their investigations. 

The U.S. Army Engineers -AJaterways Experiirxant Station 
at Vicksburg, Mississippi conducted one of the most exhaus- 
tive and complete sets of field vibratory tests during the 
early 1960s. Tlie report of these investigations, prepared 
by Fry (16), contains extensive data about the tests which 
were conducted by constructing circular concrete bases of 
Various contact areas and subjecting them to vertical, 
torsional, and rocking modes of vibration by means of a 
mechanical vibrator. The tests were conducted to determine 
the effects of base size, the static intensity of pressure 
below the base and the intensities of dynamic force appli- 
cation. Tv;o series of tests were performed, one at the WES 
base on a silty clay (loess) soil and the other at Eglin 
Air Force Base, Florida, on a uniform fine sand. It should 
be noted that one set of tests was conducted on a circular 
foundation with a dian>etor of 87.6 inches which was embedded 
in the sandy soil at Eglin. This test was conducted, however 
for a single depth of embedment, i.e. the surface of the 
base was at ground surface elevation. 

Maxwell and l‘’ry (43) have described the procedure 
for determining elastic moduli of in situ soils by dynamic 
techniques on the basis of several seismic investigations 
conducted by the U.S, Army Engineer Waterways Experiment 
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Station (WES) at numerous sites. The procedure involved the 
use of both small electromagnetic vibrators as well as heavy 
mechanical vibrators for the generation of sustained vibra- 
tions and measuring the propogated wave velocities . 

Novak (45) has reported another series of steady- 
state vibratory tests which were carried out with a steel 
test body allovjing for changes in the foundation square 
base area^ and weight of the test body. The main series of 
tests were carried out on degraded loess loam, Novak (45) 
has also reported another series of tests which were carried 
out on concrete footings/ founded below the natural surface 
of a loess loam soil. These tests were conducted to get 
response curves of a foundation at various depths of 
embedment. He demonstrated the importance of the nature 
of side contact with the surrounding soil by conducting the 
tests with undisturbed as well as compacted backfilled soil 
around the footing. 

Many significant contributions concerning the 
behaviour of soils and foundations during vibrations have 
been made by laboratory investigations. For instance/ the 
development of resonant column testing to study various 
dynamic soil parameters was possible by the works of Hardin 
and his associates (23/ 24/ 25/ 26/ 27 and 28). A review 
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of the experimental investigations conducted in a laboratory- 
scale is/ however, beyond the scope of the present disserta- 
tion. ^Nevertheless, a brief account of the study of embed- 
ment of footings by laboratory investigations is reviewed in 
the following paragraph. 

Chan ( lo) conducted an experimental inves-tigation to 
study the dynamic behaviour of embedded foundation-soil 
sys’tems in the laboratory by means of an electro-magnetic 
type of oscillator capable of producing a harmonic force of 
constant amplitudes. He chose five footings of various 
shapes, sizes and weights made of one inch thich steel plates 
The footings were embedded in sand contained in a bin of 
inside dimensions? 4.8 feet by 4.8 feet and 4,0 feet in 
height, Chae concluded that the maximum amplitude pf motion 
of an embedded footing was greatly reduced by the additional 
shearing resistance along sides of the footing and the ra-te 
of decrease became smaller and smaller as the depth ot 
embedment was increased. He also noted that embedment did 
not significantly change the resonant frequency which he 
attributed to a greater mass associated with the footing 
vibration, Chae observed that the amplitude reduction 
Goefficlenit, which is the ratio of amplitude of the footing 
embedded to that at the surf ace, was independent of the 
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mass ratio when plotted as a function of the embedment 
factor^ which is the ratio of embedment depth to the radius 
of the footing. He also suggested an empirical relation 
between the amplitude reduction coefficient and the 
embedment factor in an attempt to describe the complicated 
phenomena of the vibratioUvS of an embedded footing. 
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CHAPTER 3 

FIELD VIBRATORY INVESTIGATIONS 


3 , 1 general. 

Field vibratory tests on massive cement concrete 
footings/ cast in situ, were carried out for the purpose of 
obtaining data to examine the effect of the following 
parameters on the dynamic response of footings? 

a) embedment of the footing into the soil with 
different heights of contact with the surrounding soil; 

b) surcharge around the periphery of the footing 
in which these is no contact between the walls of the 
footing and the surrounding surcharge? 

c) shapes and sizes of the foundation base? 

d) increasing intensities of dynamic force 
application? 

e) extremely moist conditions of the soil at the 
test site due to, say, heavy rainfall; and 

f) properties of the soil layer on which the 
footing is directly resting. 

The parameters listed above are arranged in the order 
of specific significance devoted while planning the execution 
of this investigation. 
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Surface seismic investigations were made in the test 
site area to obtain the velocities of compressional and shear 
waves of the soil. The main purpose of surface seismic 
investigations was to arrive at an average value of the 
dynamic shear modulus of the soil in the test site area. 

Cross-hole seismic Investigations were carried out 
across some concrete footings which had been constructed for 
the purpose of conducting steady-state vibratory tests. Thc 2 
aim of cross-hole seismic investigations was to ascertain 
the variation of the dynamic shear modulus of the soil with 
respect to depth. 

3 .2 TEST SITE 

Uniformity of subsurface conditions is always the 
main consideration in the selection of a test site. This is 
because the tests performed on a relatively more homogeneous 
vsoil would exclude unknown parameters that might creep in 
if performed on heterogeneous materials. It is, however/ 
very difficult to come across ideally homogeneous soils upto 
great depths in real nature. The best one can do is to avoid 
abrupt changes in the soil stratas at shallow depths. 

The area where the present investigations were 
carried out, forms a part of the Gangetic plain . It is 
composed of deposits of gravel/ sand, silt and clay-all of 
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an alluvial origin. The sand horizons are thin and are a 
result of widespread braided stream deposition in the geo- 
logical past. Vast inter-fluvial flood basins were thought 
to have been responsible for the silt and clay accumulation. 
Because of the complex meandering pattern of the streams, 
the resulting thickness and the grain size of the sand 
horizons also vary extensively. 

The general sequence at shallower depths, which is 
if interest for foundation problems, is one with silt (and 
oGcassional kankar or lime- stone nodules) and silty clay 
material. However, at depths like 80 feet, thin sand 
horizons were evidenced from bore hole data published by 
Gokhale ( 19) . 

The site selected in the present case was on a level 
area situated at the Indian Institute of Technology, Kanpur. 
The soil at tVie site is classified as a silty clayCCb) as 
per Indian Standards Institution Classification system. 
Borings were made and samples obtained to determine 
uniformity of the soil conditions . A typical log of a bore 
hole is illustrated in Figure 3 »l along with the information 
about the Atterberg limits and the natural moisture content . 
Data from the bore hole samples indicated reasonably uniform 
conditions except for the presence of kankar or limestone 
nodules in fiie silty clay at a depth of about 4 feet from the 
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ground level. The presence of kankar was noticed in all the 
bore holes and the layer of silty clay containing these 
nodules was about 6 inches in thickness . 

As the main purpose of -the tests was to study the 
effect of embedment of the footing/ it was required to found 
the footings inside large excavated pits, below the surface 
of the ground. Obviously, tVie pits were excavated deep 
enough, in each case, so that the base of the footing was 
well below the layer of silty clay containing kankar. 

However, a special footing was constructed on the natural 
surface of the soil to find the effect of the silty clay 
layer with limestone nodules, locrated at a depth of about 
4 feet below the base, on the dynamic response. 

Field vibratory investigations were also carried out 
at another test site, near Chakeri, about 12 miles away from 
the main test site at Indian Institute of Technology, Kanpur, 
The soil at the Chakeri test site is essentially the same as 
the soil at I.I,T. test site. The concrete footing at this 
site was constructed in a large excavated pit and its base 
was founded directly on the silty clay layer containing 
kankar or limestone nodules to find the effect of this layer 
on the dynamic response of the footing subjected to steady- 
state vibrations. A typical log of a bore hole at Chakeri 
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site is illustrated in Figure 3.2 along with the information 
about Atterberg limits and the natural moisture content. 

3 , 2 4 1 TjL' ST FOOTING S 

The physical dimensions as well as the force limita- 
tions of the oscillator which might be used in performing the 
tests will have the maximum influence in deciding the base 
size of a footing. As for the shape of the footing, the 
circular base is ideal from the analysis point of view as 
well as from the fact that a circular base would not tend to 
generate erratic waves from an angular interface as might be 
the case with square or rectangular shapes. However, footings 
of both circular and square bases were adopted in the present 
investigation in order to study the effect of base size as 
well as shape on the dynamic resoonse of foundation-soil 
systerqs . 

Initially, four cement concrete bases were constructed 
on the levelled surface of each of the four pits excavated 
to a depth of 5 feet below the natural surface. The size of 
each of the pits, square in shape, was chosen to be about 
three times the lateral dimension of the corresponding 
footing so that any effects , of soil surcharge adjacent to the 
periphery of the base would be precluded. The two circular 
concrete footing.s, designated as Base-T and Base-2, were 36 
and 48 inches in diameter respectively. The two square 
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concrete footings/ designated as Base-3 and Base-4 were 
having laterial dimensions of 32.0 and 42.5 inches respectively 
An additional cement concrete footing was later constrncted 
on the levelled natural surface to compare with the responses 
of footings constructed inside the excavated pits. This 
additional footing/ designated as Base-5/ was also square 
in shape with a lateral dimension of 32 incVies. Each of the 
bases 1 , 3 and 5 was 48 inches in height and had the same 
base area. Both of the bases 2 and 4 were 27 inches in 
height and had the same base area. The site plan showing the 
pertinent characteristics of the footings and their locations 
are shown in Figure 3.3, The physical properties of all the 
concrete footings are described in Table 3.1. The sixth 
concrete footincj was constructed at Chakeri test site, and 
is designated as Chakeri -Base , The Chakeri -Base was also 
square in base shape with lateral dimension of 32 inches and 
a height of 48 inches. The Chakeri-Base was identical to 
Baso-3 with respect to physical dimensions as well as weight, 
The layout of the test area is shown in Figure 3,4. 

3,3 INSTRUMENTATION 

3.3,1 Mechanical Vibrator 

Field vibratory tests on massive footings require the 
services of a mechanical vibrator which can generate sinusoi- 
dally varying dynamic force, Though the generation of a 
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sinusoidal forcing function is not an absolute necessity/ 
analyses of data become rather complicated with any other 
forcing function. In addition/ thes choice of a suitable 
vibrator depends on the capability of the vibrator for 
reaching and surpassing the resonant frequency of the soil 
foundation system being tested. Obviously/ the vibration 
generator should be able to x^roduco forces of sufficient 
magnitude to yield measurable responses on the recording 
instruments . 


A mechanical vibrator/ by the name 'Lazan oscillator'/ 
which satisfied the above mentioned requirements/ was used 
in the present investigation. This vibrator utilises the 
centrifugal force of unbalanced masses to generate a sinu- 
soidally varying dynamic force. The vibrator has two shafts 
which are geared together and which rotate in opposite 
directions. Each shaft has three eccentric weights which 
are so mounted such that the horizontal components of their 
centrifugal forces cancel out the corresponding components 
of the eccentric weights on the other shaft of the machine 
and vice versa. This gives a condition where vertically the 
forces of the two shafts add, resulting in a sinusoidal force 
only in the vertical plane. The magnitude of this force 
depends on the phase angle between the two smaller but equal 
eccentric weights and the larger eccentric weight located’’ on 
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each shaft. The actual force adjuster is located on one of 
the shafts and consists of a screw/ a key and a helical 
slotted sleeve. The axial position of the key in the force 
adjuster shaft determines the angular position of the large 
eccentric weight with respect to the shaft and the smaller 
eccentric weights. The phase angle between the eccentric 
weights on the other shaft changes correspondingly by iTioans 
of a gear. For a constant position of the eccentric weights/ 
their centrifugal forces increase with the square of the 
speed of rotation of the shafts. Both the eccentric weights 
as well as the phase angle between the weights can be chtanged 
to produce the required dynamic force levels. The magnitude 
of the sinusoidal force output of the vibrator in pounds at 
different phase angles between the eccentric weights is given 
by the following equation 

2 

Q (t) = 2.0 (^V21T) Sin (^/2) Sin (Cot) (3.1) 

in which Q(t) is the time dependant exciting force in pounds/ 
0 is the phase angle between eccentric weights/ CJ is the 
circular frequency of the rotating shafts and t is the time. 

The amplitude of the dynamic force, In pounds for 
a particular setting of the eccentric weights would, thus/ 
be given by 

Qq = 0»0 5066 Sin ( 0/2 )Ca3^ <3.2) 
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However, it is customary to represent the dynamic 
force generated by a rotating mass type of vibrator by the 
following expression 

Qq — nio e G.) ( 3 « 3 ) 

in which itiq is the total eccentric mass of the vibrator and 
e is the radius of eccentricity or the radius from centre 
of gravity of rotating part to centre of rotation. 

Thus, the eccentricity moment, niQU and the phase 
angle, 0 , between the eccentric weights of the Laaan 
vibrator used in the present investigation are related by 
the expression 

nice = 0.05066 Sin ( 0 / 2 ) (3.4) 

The mechanical vibrator used in the present 
investigation had a maximum capacity of generating a 
sinusoidal force amplitude of 1600 pounds and could be 
operated upto 3600 revolvtions per minute. The phase angle, 

0 between the eccentric weights could be varied by means 
of a mechanical arrangement provided in the vibrator so 
that tests could be conducted at various dynamic force levels. 
However, the phase angle, 0, was so chosen as to keep the 
maximum aGceleration of the vibrator, which was rigidly fixed 
to the test footing, below 0.5 g throughout the test programme. 
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The mechanical vibrator was driven by a 3,5 H.P. 

Variable speed motor whose speed could be smoothly varied 
from 375 to 3750 revolutions per minute. The motor could 
be connected to the mechanical vibrator through a flexible 
shaft . 

3.3.2 Transducers 

A transducer is a device which can convert such 
quantities as dcsplacement , velocity/ acceleration, pressure, 
strain, force etc. into a usable output such as a voltage 
which is proportional to the quantity being measured. 

The selection of proper type of transducers to 
measure the movement of the foundation when subjected to 
vibratory force has to be given careful consideration. The 
choice has to be made from among linearly variable differential 
transf ormor-tyTpe transducers, velocity transducers and 
accelerabion transducers. In an investigation of the present 
nature, differential transformer-type transducers have to 
be ruled out duo to the difficulty of providing a stable 
reference base. The velocity transducers are very well 
suited for the measurement of the motion of a foundation 
primarily because of t,he ease with which data can be reduced 
to actual disi:)lacement units. 

Velocity transducers are mostly of the electJ^omagnetic 
type in which a change of magnetic flux induces an electromotive 
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force in a conductor. The relative motion of a moving coil 
across the magnetic field of a permanent magnet can cause 
a change iv\ the magnetic flux. The velocity transducers 
are commercially available in designs having a stationary 
magnet and a moving coil as the sensing element or a statio- 
nary coil and moving magnet as the sensing element. 

The velocity transducers, used in the present 
investigation, consist of a coil moving across a magnetic 
field. These transducers are designed on the basis of a 
single-degree-of-f reedom system with a natural frequency 
of 4.75 cycles per second. These transducers had a flat 
response above its natural frequency. Prior to use, these 
transducers were calibrated in the laboratory through the 
associated instrumentation. 

3,3,3 Vibration Recording 

In order to record the vibrations of a footing in 
terms of both amplitudes of displacement and frequency, the 
output signals from the velocity transducers, fixed rigidly 
to the vibrating body, have to pass through several elec- 
tronic systems. These are: attenuating and calibrating 
circuits, frequency cutoff filters, amplifiers, galvano- 
meters, integrating circuits etc. 

A practical requirement for the above systems to be 
used in field operations is that they be In a ruggedly 
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Compact fo.rm and capable of easy transportation. This 
requirement is easily met by several commercially available 
vibration meters and oscillographs. 

In the present investigation^ a vibration meter 
with facilities to amplify the output signals from four 
velocity transducers was used. The signals from the trans- 
ducers could finally be read in terms of displacement, 
velocity and acceleration. The minimum values of displace- 
ment, velocity and acceleration that could be recorded from 
the vibration meter was 0.00005 inch, 0.001 inch per second 
and 0,1 g respectively. The maximum values of displacement, i 

velocity and acceleration which could be recorded from the I 

vibration meter was 1.0 inch, lOOO inches per second and 
1000 g respectively. 

i 

The wave form of the output signals was studied by I 

■ i 

means of a dual trace storage-tyi?e oscilloscope and a | 

Polaroid camera. It may be noted that an oscilloscope is | 

an indispensable instrument for investigations of the present ■ 

hind because of the ability of the device to provide a 
visual display of the wave form being measured. This is i 

especially true since the geometry of the displayed w;ave i 

form can be reconverted into measurements of voltage and i 

time ^ ■ I. 

■ ■ . ■ ■ '• . • V 

' ■ !. 

■ i 

' ■ ■ - i 
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An oscilloscope essentially consists of a cathode 
ray tube where in a beam <rf. electrons illuminates a spot on 
its screen which is phosphor-coated. The spot on the screen 
is capable of accurate adjustments both in the horizontal 
and vertical directions as the beam of electrons passes 
through pairs of deflection plates across which a variable 
voltage can be. applied. The time scale is provided on the 
screen of the cathode-ray tube by an arrangement wherein 
a calibrated sawtooth voltage is applied to the horizontal- 
deflection plates so that the beam moves from left to right 
at a known velocity and then turns back .swiftly to the left 
side of the tube to repeat its sweep from left to right* 

The amplification of the signal to be measured is done by 
Varying the voltage across the vertical -deflection plates. 
Thus/ an accurate information about amplitudes and frequen- 
cies of vibration can be obtained in terms of voltages and 
time by means of an oscilloscope. A dual -trace oscilloscope 
has the advantage of studying separate signals from two 
transducers simultaneously/ thereby, facilitating the 
determination of phase relationships between the two signals. 
A s to rage- type oscilloscope has the advantage of storing the 
wave forms for a great length of time so that they may be 
studied carefully and accurately. A Polaroid camerafecili- 
tates in taking permanent photographic record of a vital 
information. 
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The details regarding the name of the manufacturer 
and other relevant technical specifications of each of the 
instruments used in the present investigation are given in 
Appendix B . 

3,3.4 Steady-state Vibratory Tests 

The concrete bases were subjected to vertical mode 
of vibration by means of the rotating mass type of mechanical 
vibrator described in Section 3,3.1, The centre of gravities 
of the oscillator and the base were made to lie on the same 
vertical line to avoid any tendency of the base to rocking 
motions. This could be achieved when the oscillator was 
symmetrically centred on top of each base and rigidly 
secured by four foundation bolts with double lock nuts. 

The foundation bolts had been previously set in place during 
construction of the base. The transducers were located at 
the centre of the base and on the four equidistant corner 
points of the footing to ascertain whether the amplitude of 
motion will be equal at all points and in-phase. This 
could be done by a comparison of amplitudes of motion as 
well as phase relationships between any two output signals 
from the transducers. In this manner, It was possible to 
judge whether or not the vibrations were predominantly in the 
verticaT direction. 
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The total weight of each of the test bases including 

the weight of the vibrator and the associated fastenings was 

kept at 4500 pounds throughout the programme •f steady-state 

vibration tests. The sinusoidal forces were applied by 

means of the vibrator over a range of frequencies, usually 

between 375 and 3600 revolutions per minute, as permitted 

by the limitations of the vibrator as well as the variable 

speed motor which was connected to the driving shaft of the 

vibrator through a flexible shaft. Each of the test bases 

was tested at four positions of the eccentric masses which 

corresponded to 30, 35, 4o and 45 degrees in terms of phase 

angles between the eccentric weights •r 0.0131, 0,0152, 

2 

0.0174 and 0.0194 pound-second in terms of eccentricity 
moments, mQe, respectively. These eccentric settings were 
selected primarily due to the wider frequency range available 
while giving consideration to the fact that the maximum 
acceloration of O. 5 g should not be exceeded at any stage of 
the test. However, two series of tests were conducted on 
Base-1 and Base-3, as exceptions, wherein four positions of 
the eccentric masses which corresponded to 45, 60, 75 and 
90 degrees in terms phase angles •r 0,0194, 0.0253, 0.0308 
and o .0358 pound-second in terms of eccentricity moments 
respectively, were used. These two series of tests were 
specially .conducted in order to examine the effect of 



increasing intensities of force application on the dynamic 
response of the test footings. The base at Chakeri was 
tested at five positions of the eccentric masses which 
corresponded to 36, 45, 64, 63 and 72 degrees interms of 
phase angles between the eccentric weights or 0.0156, 

0. 0194, 0.0230, 0.0265 and 0,0298 pound— second^ in terms of 
eccentricity moments, mQe, respectively. Thus, for a 
specific eccentric setting of the vibrator, records of the 
movement of the footing caused by the exciting force for 
each frequency over the entire range used, were obtained. 

The first series of tests were conducted on bases, 

1, 2, 3 and 4 without any backfilling of the excavated pits. 

In other words, the excavated pits were empty but for the 
centrally constructed concrete footings. A corresponding 
series of tests were conducted on Base-5 which was constructed 
on the natural surface of the ground at I.3',.T, test site. 

Also, another sGrie,s of tests of similar nature, were 
conducted on the base at Chakeri test site which was 
constructed directly on the silty clay layer with kankar 

or limestone nodules. As mentioned earlier, each of the 
footings was tested at several settings of the eccentric 
masses to produce different intensities of force application. 
Thus, several frequency response apectras were obtained for 
each of the footing under a given static loading condition. 
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The observed amplitude-frequency relations are illustrated 
in Figures 5.1 to 5.8 and will be discussed in subsequent 
Chapters. 

The extent to which the moisture content of the soil 
can affect the dynamic response of the soil-foundation system, 
was studied by taking advantage of the natural rainfall at 
the test site. The heavy down pour at the test site provided 
conditions close to saturation of the soil up to 1.5 to 2.0 
feet below the base level of the footings constmcted in the 
oxcavated pits. One set of dynamic tests were conducted on 
Base-1 under these conditions. The observed amplitude- 
frequency relations under these wet conditions are compared 
with those obtained under dry conditions in Figure 5.1. 

, The second series of steady-state vibration tests 
were undertaken to investigate the effect of embedment on 
the dynamic response of the footings. This was done by the 
backfilling with well graded sand into the pit in layers of 
specified depth. Each layer of sand was compacted to the 
same density by vigorous tairping followed by vibratory 
compaction. The effect of embedment was studied in this 
manner on Base-2/> 3 and 4, Each of the bases was tested 
for every layer of the compacted fill at the, same exciting 
force levels as was done before. The observed amplitude- 
frequency relations of each of the bases for various heights 
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of the backfilled material at different settings of the 
eccentric masses of the vibrator ai:e illustrated in Figures 
6.1 to 6.15, The observed phenomena will be discussed in 
greater detail in Chapter 6, 

The third series of tests were conducted on Base- 
2 , and 5 with a view to study the effect of surcharge 
around the immediate vicinJ.ty ef the periphery of the footing 
in which there is no interfacial contact between the walls 
of the footing and the surrounding surcharge. This was done 
by two different methods. In one of the methods/ the Inter- 
face between the sides of the footing and the backfilled 
sand was eliminated with the help of a rigid box barrier 
whose dimensions were slighly more than that of the footing 
under test. The air gap between the box barrier and the 
sides of the footing was kept around an inch. The surcharge 
was increased in regular increments by the backfilling of 
sand into the space between the periphery of the rigid box 
enclosure and the reexcavated pit. The dynamic response of 
the footing for various depths of surcharge was obtained for 
the same eccentric setting of the eccentric masses as ejqplained 
before . 

Ill the other method^ sand bags were placed all around 
the footing so that the gap between the footing and edge •f 
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the sand bags was approximately six inches. The surcharge 
was increased in regular increments tay piling up sand bags, 
layer above layer. The dynamic response of the footing for 
Various layers of surcharge consisting of sand bags was 
obtained in the same manner as described above. The observed 
results are illustrated in Figures 7.1 to 7.12 and discussed 
in Chapter 7. 

Throughout the test programme, a number of special 
tests were performed to determine the reproducibility of 
data vend the effects of time and weather conditions . 

The schematic diagram of the instrumentaion sequence 
for a typical steady-state vibratory test is illustrated in 
Figure 3.5. Photographic views showing the excavated pit ^ 
containing Base-l, the experimental set up indicating the 
vibrator-footing system with transducers and recording units, 
BasQ-3 in a partially embedded condition, Base~4 in a fully 
embedded condJ.tion, and a plan view indicating Base-2, 3 and 
4 are illustrated in Figures 3.8, 3,9, 3.10, 3.11 and 3.12 
respectively, 

3.3.5 Surface Seismic Investigations 

Seismic methods consist in measuring the readtions 
of certain ground points to artificially induced vibrations. 
0?he vibrations are detected at various distances and 
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directions from the source of energy by means of seismometers 
which are commonly called geophones or detectors. The 
geophones are mostly velocity transducers whose outer casings 
are specially designed so that they may be driven into the 
soil and held in position firmly. The resulting vibrations 
can be recorded on a storage-type oscilloscope for further 
studies . 


Determination of in situ dynamic soil properties by 
means of seismic methods is based on the assumption that the 
soil satisfies all the conditions of an absolutely elastic 
body. As the subject of foundation vibrations is developed 
on the assumption that the soil is an isotropiC/ homogeneous, 
elastic body, seismic methods are well suited for obtaining 
information about the dynamic soil properties at specified 
locations of a test site. 

A disturbance of equilibrium conditions produced by 
a sudden stress or shoch at any point in an elastio half- 
space will cause elastic waves to be propagated. The three 
elastic waves whose velocities of propogation are of interest 
areJ (a) the congressional or the P-, waves in which the 
particle motion is a push-pull motion parallel to the line 
of propogation, (b) shear or the S-*waves in which the motion 
of particles is at right angles to the 
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propogation, and (c) Rayleigh wave in which the particle 
motion is made up of both horizontal and vertical components. 
The P and S waves are called body waves and propogate 
radially outward from a source located on the surface, along 
a hemispherical wave front. The Rayleigh wave propogates 
radially outwards from the source along a cylindrical wave 
front. These waves have been exhaustively discussed and 
their significance in the study of vibrations of soils and 
foundnir.ions is clearly brought out by Richart, Hall and 
Woods ( 55) . 

The refraction method of seismic surveying can be 
eftectively employed to determine the above elastic wave 
velocities in the soil at shallow depths which in turn are 
related to the dynamic elastic constants! Young's modulus, E, 
the shear modulus, <3 and the Poisson's ratio, j,l. . The method 
of evaluating these dynamic constants from the observed 
seismic wave velocities will be discussed in the next Chapter, 
In the refraction method, measurements are made of the 
elapsed time between the impact of a hammer blow on a 
selected reference point on the surface of the soil, called 
the impact station and the arrival of the first seismic 
wave fronts at several points along a line called the 
rafraction survey line. Geophones, placed at measured 
distances along the line, can send information about arrival 
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of the first wave front and the subsequent arrivals to an 
oscillograph and thus a continuous record of the arriving 
seismic waves can be obtained. 

The compressional wave travels at the highest speed 
and the mode detected in the first-arrival refraction survey 
ing, therefore, is the P-wave. The velocity of shear wave 
is slower than that of P-wave and the velocity of Rayleigh 
wave is slightly slower than that of the shear wave. Per 
the investigation of properties of materials, it is quite 
instructive to . determine the velocity of shear wave or even 
the Rayleigh wave. 

In most conventional, shallow refraction survey work 
a vertical impact on a small steel plate is caused' by a 
sledge hammer. The amount of shear produced in the soil 
medium from such a blow is small compared to the change in 
Volume, Therefore, the most easily distinguishable arrival 
is that of the direct P-wave. The shear wave arrival will 
be hardly noticeable on the oscillograph. This difficulty 
can be overcome if a predominantly shear-type of disturbance 
is caused at the impact station. The arrival of shear and 
Rayliegh waves can be easily distinguished if two geophones 
one for measuring the vertical components and the other for 
measuring the horizontal components of the arriving wave 
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fronts/ are used simultaneously at every receiving station 
along the survey line. In this way, the time of arrival of 
all the three wave fronts at several receivers or geophones 
kept at increasing distance along the refraction survey line 
from the impact station can be noted and the velocity of 
these waves can be determined. 

In the present investigation, a long wooden board, 

8 feet' long, 1 foot wide and 4 inches thick, was employed 
for the generation of a predominantly shear disturbance. The 
board was secured firmly to the ground by means of 12 numbers 
of 8 inch long bolts. The ground below the board had been 
cleared of the grass and other loose material be^fore fixing 
the same. One end of the wooden board had been reinforced 
by means of steel angles so that sledge hammer blows could 
be imparted to the board without causing the board any damage. 
It yjas possible bo generate a predominantly shear disturbahce 
by hitting the reinforced end of the wooden board by means 
of a sledge hamner, in a horizontal direction, along the 
longitudanal axis of the wooden board. It is very essential 
that the contact between the base of the wooden board and 
the ground is maintained duri rig the impact of the hammer 
blow. This done by lettiing the froioit axle wheels of an 

automobile rest on the wooden board throughout the field 
operation's.. ■ 
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A traverse line was aligned in the direction 
perpendicular to the longitudanal axis o£ the wooden board. 
Receiving stations for the arrival of seismic wave fronts 
were established at every five feet along the traverse. Two 
velocity transducers were selected as geophones to record 
the vertical and horizontal disturbances of the ground at 
every receiving station. The two geophones were connected 
to the upper and lower channels of a dual-trace storage-type 
oscilloscope by means of two-conductor sheilded, long cables, 
The two-conductor sheilded cables are best suited to eliminaV' 
electrostatic noise from the traces. 

The measurement of the time interval from the hammer- 
blow against' the longitudanal edge of the wooden board to the 
first and subsequent wave fronts received by the geophone, 
is done by triggering the horizontal sweep of the oscilloscope 
with a signal generated by the impact of the hammer. In the 
present investigation, the triggering signal was generated 
by a piezoelectric acceleration transducer which was rigidly 
fixed on a central point of the wooden board. T'he electric 
signal generated by the transducer, and amplified through a 
vibration meter, proved a very convenient method of trigger- 
ing the horizontal sweep of the oscilloscope. Immediately 
after the impact of the hammer blow, the oscilloscope is 
triggered and a trace appears on the screen nf the 
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oscilloscope which can be stored. The travel time o£ the 
first and. subsequent wave fronts can be obtained by multiply- 
ing the sweep rate of the oscilloscope by the distance from 
the beginning of the trace point to the point of correspond- 
ing arrivals. In the present investigation, the hammer 
impacts were repeated and several traces were stored and 
viewed simultaneously by changing slightly the vertical 
position of the sweep between consecutive impacts of the 
hammer. The use of upper and lower half of the screen to the 
traces obtained from vertically and horizontally mounted 
gcophones, rendered possible the recognition of all the 
three wave fronts at a particular receiving station. 

Thus, the traverse was completed along the alignment 
by noting down the travel time of each wave front at each 
receiving station in the manner described and typical time- 
distance graphs are illustrated in Figures 4.1 and 4,2, Two 
traverses were undertaken in the test site area whose align- 
ments were perpendicular to each other. The location of the 
impact stations with geophone positions and their alignments 
are illustrated in the layout of the site plan shown in 
Figure 3.3. The reduction of data to get the pertinent soil 
properties are described in Chapter 4, A schematic diagram 
of the instrumentation sequence is illustrated in Figure 3,6. 
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3.3,6 Cross-hole Seismic Investigations 

This is one of the most useful of seismic methods 
by which the clastic properties of the underlying materials 
between any two points of a test site can be accurately 
determined. The method is not only useful for a preliminary 
investigation of the soil at a test site but also for suggest 
ing corrective measures to the performance of machines or 
other structures whose foundations were designed by the rule 
of thumb or witViout through study. 

The cross-hole seismic investigation is similar to 
the surface seismic investigation, described in Section 3,3.5 
in all respects except that the tests are conducted between 
two drill holes. The cross-hole seismic tests are performed 
by creating a disturbance at the bottom of a drill hole and 
measuring the arrival time of resulting seismic wave fronts 
by means of a geophone located at the bottom of another 
drill hole. In order to obtain an accurate profile of the 
dynamic soil properties with respect to depth at a site, it 
is convenient to perform the tests between the bottoms of 
two drill holes of equal depth. Seismic wave velocities 
between the drill holes have to be established at every 6 
or 12 inches depth. Thus, the investigation comprises of 
alternate operations of drilling and seismic shooting until 
tbe desired depth of drilling is reached. 
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The technique by which the disturbance is created at 
the bottom o£ drill hole has to be modified in the cross- 
hole test. The source of impact or a disturbance at the 
bottom of the hole may be an explosive charge. As mentioned 
earlier^ the disturbance has to be created repeatedly to get 
several traces of the earth vibrations in order to clearly 
distinguish the first arrivals. Therefore, the use of 
explosive charges becomes rather too expensive and time 
consuming for an investigation aiming to obtain the dynamic , 
soil properties upto a depth, say, ranging between 20 to 4o 
feet. The method of explosives may prove convenient when the 
drill holes are very deep and far apart as is the case with 
some oil exploration surveys. In view of these practical 
difficulties, the hammer-blow method has to be modified and 
used in the cross-hole investigations also. 

In the present investigation, impact of the hammer 
blow was communicated to the bottom of one of the holes by 
means of an assenbly of mild steel pipes, to the lower end 
of which a flat steel plate was attahced. The velocity 
transducer, which triggered the oscilloscope, was encased in 
a rugged and compact steel casing. The steel casing had been 
so designed as to receive hammer felows on top of the casing 
without causing any damage to the velocity transducer in side 
the casing . This rugged' and compact assembly was rigidly 
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connected to the other end of the assembly of pipes/ protrud- 
ing out from the drill hole, Thus^ an impact of the hammer 
on top of the steel casing was transmitted to the bottom of 
the drill hole through the assembly of pipes besides trigger- 
ing the horizontal sweep of the dual trace storage type esci- 
lloscope . A geophonS/ connected to the lower end of another 
assembly of pipes and stuck to the bottom of another drill 
hole, received the resulting earth vibrations. The wave 
fronts, sensed by the geophohe, were displayed and stored on 
the screen of the oscilloscope. By changing slightly the 
vertical position of the sweep of the oscilloscope between 
consecutive impacts of the hammer, several traces were stored 
and viewed simultaneously to calculate the time of arrival 
of the seismic wave fronts. The position of the geophone 
and the imoact assemblies were interchanged and another set 
of traces were stored to calculate the time of arrival of 
the seismic wave fronts in the opposite direction. This 
improved the accuracy of the observations. 

The method described above proved quite versatile 
as new lengths of pipe could be easily assembled depending 
on the progress of the drill holes downwards. It may, 
however/ be noted that when the length of the assembly of 
pipes is large enough/ depending o-n the depth of the drill 
holes, a correction has to be applied for all travel-time 
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computations/, to take into effect the time of impact energy 
travelling from the top end of the assembly of pipes to the 
bottom of the drill hole, the velocity of elastic waves in 
steel being 17000 feet per second. 

The cross-hole investigations / as described above, 
were carried out across Base-5 and Base-3, the distance 
between the drill holes, in each case being 10 and 24,5 feet 
respectively. The location of these drill holes are shown 
in the layout of the site plan illustrated in Figure 3.3, 
Cross-hole investigations were also carried out at Chalceri 
test site between two drill holes, 25 feet apart. The 
location of the drill holes are shown in the layout of the 
test area, illustrated in Figure 3.4, 

Typical oscillograph recordings are illustrated in 
Figures 4.6 and 4,7. The reduction of data to get the 
pertinent soil properties is described in Chapter 4. A 
schematic diagram, showing the instrumentation sequence, 
is illustrated in Figure 3,7, 
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CHAPTER 4 

RESULTS OF SEISMIC INVESTIGATIONS 

4 . 1 GENERAL 

It has been described in Section 3.3^5 how a storage 
type oscilloscope can be used in conjuction with horizontal 
and vertical component geophones for the measurement of 
shear and compressional wave velocities . These velocities 
can furnish valuable data on the engineering properties of 
the soil. The ratio of shear wave to compressional wave 
velocity gives an indication of Poisson's ratio for the 
material. When Poisson's ratio and the in situ density of 
the soil, are known, dynamic values for the Young's modulus 
and shear modulus of elasticity of the soil can be computed . 
These calculations are based on the theories of wave propo- 
gation in elastic media. 

The theory of propogation of waves in a homogeneous, 
isotropic, elastic semi -infinite medium gives the following 
relationships between the various dynamic moduli of the 
material and the propogation velocities of seismic waves 
in the material . The mathematical derivations to arrive at 
these relationships have been treated in detail by many 
authors ( 6o, 37, 15, 20 ) and hence not presented here. 
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Thus, if seismic wave velocities can be measured and 
if In situ soil densities are known, all corresponding 
dynamic elastic properties of the soil can be determined. 

It should, however, be noted that the dynamic values obtained 
apply to small amplitude vibrations within elastic range in 
the average idealized mass. 


4,2 results OF REFRACTION SURVEY 

Refraction surveying can provide information about 
the velocities of two or three stratas or layers of materials 
whenever a higher velocity medium is encountered below a 
lower velocity medium. This technique can also indicate the 
depth of the first st rata. The mathematical derivations to 
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yield the depth of the layer are described by several 
authors C 15, 21 ) and is not of interest for the purpose 
of obtaining the average velocities of compressional or shear 
wave in the top most layer. Besides, techniques liKe the 
cross-hole seismic investigations can furnish more precise 
information about the variation of the dynamic properties 
of the soil with depth and the existance of layers of 
different composition at any specified location. 

The travel-time graphs, obtained for the test site 
at two selected refraction survey lines, indicated in the 
layout of the site plan of Figure 3,3, are illustrated in 
Figure 4.1 and Figure 4,2, Typical photographic recordings 
of the oscillocope tracings, obtained at particular receiving 
stations along the traverse, are illustrated in Figure 4,3, 

It may, however, be noted that the Polaroid photographic 
prints, obtained by instant developing, were redrawn on 
tracing papers to facilitate the production of several copies 

The shear wave velocity, Vg, for the top few feet 
of the soil at the test site was 470 feet per second along 
the East-iflest refraction line and 462 feet per second along 
the North-South refraction line. The compressional wave 
Velocity, Vp, for the top few feet of the soil at the test 
site was 800 feet per second along the East-West refraction 
line and 690 feet per second along the North-South refraction 
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line. The density of the soil was determined by obtaining 
soil samples at several locations, at an average depth of 
about 2 feet below the natural surface. The in situ density 
for the top 2 feet of the soil was found to lie between 
108 to 112 pounds per cubic feet and an average value of 
110 pounds per cubic feet was adopted in all the calculations 

The calculation of PMsson' s ratio, yUl by means of 
Eg. 4.3 is seldom met with success. The main reason being 
that these computations involve small differences of rather 
large numbers. However, the combination of shear wave 
velocity, V = 470 feet per second and compressional wave 
velocity, V = 800 feet per second yielded a Poisson' s 
ratio 0.236 which is fairly reasonable. It may be of 
interest to note that other combinations of these velocities 
obtained from cross-hole seismic investigations as well as 
from North-South refraction data yielded absurd values of 
Poissow's ratio. In view of these practical difficulties 
some authors (55) have suggested to assume a suitable value 
of Poisson's ratio which usually vary from 0,25 to 0.45 
in the case of soils, for computational purposes. The value 
of Poisson's ratio = 0.25, which is quite close to the value 
of 0.236; as determined from the seismic wave velocities, 
was adopted in all the calculations . 



The dynamic shear modulus of soil was found to be 
5250 psi and 5100 psi as per the shear wave velocities 
determined from the East-West and Worth-South refraction 
surveys respectively. These values were found by substitu- 
ting the observed shear wave velocities and the in situ 
mass density of the soil in Eq. 4.2. The mass density of 
the soil was obtained by dividing the in situ densities of 

the soil, expressed in pounds per cubic foot, by acceleration 

2 

due to gravity, g = 32.0 feet per second. 

4.3 results of CROSS-HOLE SEISMIC TESTS 

The observed velocities of compresslonal or primary 
or P-waves and the shear or S-waves between the two bore 
holes across Base-3, at various depths, are illustrated in 
Figure 4,4. The distance between the bore holes across 
Base-3 was 24.5 feet. The oscilloscope traces of the 
seismic wave fronts were obtained at every two feet interval 
and a total depth of 18 feet was examined between the two 
bore holes across Base-3. Typical photographic recordings 
of the oscilloscope tracings, obtained at particular depths 
below the natural surface are illustrated in Figure 4,6, 

As the length of the pipe assembly used across these bore 
holes was finally as long as 20 feet, suitable corrections 
were applied in all travel-time computations to take into 
effect the time of impact energy travelling from the top 
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end of the assembly of pipes to the bottom of the drill 
holes. The corrected wave velocities are Illustrated by 
the broken lines in Figure 4.4. 

The observed velocities of compressional and shear 
waves between the two bore holes across Base-5, at various 
depths, are illustrated in Figure 4.5. The distance between 
the bore holes across Base-5 was 10 feet. The oscilloscope 
traces of the earth vibrations were obtained at every two 
feet interval and a total depth of 10 feet was examined 
between the tvjo bore holes across Base-5, Typical photo- 
graphic recordings of the oscilloscope tracings are illus- 
trated in Figure 4,7, The correction for the travel time 
in the pipe assembly was not applied in this oase as the 
length involved was only 10 feet , 

Similarly/ the results of Oross-hole seismic 
investigations conducted at Chakeri test site are elucidated 
in Table 4.1, 

It may be observed that the velocities of the elastic 
waves increase with respect to depth. This can be expected 
as the soils at greater depths are subjected to greater 
overburden pressures resulting in better consolidation and 
higher densities. Besides, a soil mass at greater depth is 
subjected to higher confining pressure which results in higher 
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shear modulus. Hence the increase of velocities of elastic 
waves with respect to depth. 

4.4 CONFINING PRESSURE AND SHEAR MODULUS 

The dynamic shear modulus can also be estimated by 
a procedure described by Hardin and Richart (28) who demons- 
trated the predominant influence of void ratio and confining 
pressure on the shear wave velocities of clean granular 
materials over the range of ( o .37<_e'<_l .26 ) . Hardin and 
Black (25) later demonstrated that the shear wave velocity 
in sands depended on the confining pressure, which is 
the normal stress on the octahedral plane and was essentially 
independent of the state of shearing stress in the sample. 
This established that^^^^ is the principal quantity to be 
estimated for a particular bed of sand in order to evaluate 
V or the shear modulus, G for use in the dynamic analysis, 

O 


Empirical expressions have been developed for the 
velocity of shear waves, Vg and the shear modulus/ G for 
round grained as well as angular grained materials on the 
basis of the above mentioned investigations. These are 
discussed in detail and reviewed by Richart, Hall and Woods 
(55). The relationships developed in the case of angular 
grained materials are given below. 
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(4.4) 
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and 

1230 ( 2,97 - e' ^ (4,5) 

1 + e‘ 

= velocity of shear waves in feet per second; 

2 

= shear modulus in pounds per inch . 

= void ratio; and 

2 

= confining pressure in pounds per foot in Eq.4 
and pounds per inch in Jilq, 4,5 

Hardin and Black (26) ran resonant column tests on 
clay samples and concluded that for normally consolidated 
clays of low surface activity, the shear wave velocity is 
adequately predicted by Eq. 4.4 for small strain amplitudes. 
According to Richart, Hall and Woods (55 ) , this conclusion 
for certain noOT-tally consolidated clays is a significant 
aid to the designer, even if it represented only a first 
approximation. They also concluded that the dynamic shear 
modulus of cohesive soils, if found by Eq. 4.5, was adequate 
for a first estimate. 

With this in view, the shear modulus of the soil 
beneath the concrete footings constructed at the test site 
was found using Eq. 4.5. For an approximation to the 
pressure developed below the periphery of the footing^ 
the bheoreti cal solution obtained by Prange (49) for a 


where V, 


CTo 
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rigid circular footing on the isotropic, homogeneous, elastic 
half-space was used. These relations are given in Table 4.2 
for Poisson's ratio,^,= 0.25, Figure 4,8 shows how the 
average confining pressure, caused by the contact pressure 

of each of the footings decreases with depth below the peri- 
phery of the footing according to Prange's solution. 


The vertical and horizontal stresses at a depth in 
the soil mass are given by 

crs = 

and ^ = ’ J-_ — cTz (4,7) 

CTx Oy 

These stresses established (J^'g = ( 61 > z and is illustrated 
in Figure 4.8. 


The total average confining pressure at any depth 
below the perimeter of a footing is the sum of ^’^'^CJos^ 
as shown in Figure 4.8. The minimum value of^^ and the 
void ratio of the soil at the test site ( e' a= 0,50 ) were 
introduced into the equation for the dynamic shear modulus, 
described in Bq. 4,5. By this procedure, value of G = 5800 
and 5260 psi were obtained for the soil directly beneath 
the Bases- 1, 3, 5 and 2, 4 respectively. These values are 
reasonably close to those obtained by seismic methods in 
spite of the daring approximations involved, 
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Thus, the dynamic shear modulus for the soil at the 
test site was obtained by three different methods described 
in Sections 4.2, 4.3 and 4.4 respectively. The values of 
dynamic shear modulus, G = 5500 psi and Poisson's ratio, 
ja= 0.25 were finally selected as the most probale values 
for the soil of the test site at Indian Institute of 


Technology, Kanpur. 
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TABLE 4«2 CONFINING PRESSURE CALCULATIONS BASED ON PRANCE'S 
SOLUTIONS. (For 0.25) 
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chapter 5 

RESULTS OF STEADY-STATE VIBRATORY TESTS 

5.1 GENERAL 

The first series of tests was conducted on Base-1, 

2, 3 and 4 without any backfilling of the excavated pits. 

Each of the bases was tested at several positions of the 
eccentric masses of the mechanical vibrator to produce 
different intensities of force application. Similar tests 
were conducted on the concrete footing constructed at Chakeri. 
This base is equivalent to Base-3 in all respects and is 
designated as Chakeri -Base for convenience. As explained 
in Section 3.2, the Chakeri-Base was also constructed in a 
large excavated pit and its base was founded directly ^n 
the layer of silty clay containing limestone nodulues or 
kankar. Base-5 which was constructed on the natural surface 
was also tested in a similar manner. The various frequency- 
displacement spectras obtained for each of the footings, at 
Various eccentric settings of the rotating masses are 
illustrated in Figure 5.1 through Figure 5.8. 

In view of the large sizes of the pits in relation 
to the base area of the footing, it is assumed that each of 
the bases is resting on the surface of an elastic half-space 
for the purpose of analysis of test data obtained without 
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any backfilling. The lumped parameters/ spring constant, K 
and the damping f actor, D have been evaluated for each of the 
footings by three different ways for purposes of comparision 
and the method of analysis is explained below, 

5.2 METHOD OF AlviALYSlS 

5,2.1 Prediction of Footing Response by Lysmer* s Analogue 
One of the approaches consisted in using the value 
of shear modulus, G, Poisson' s ratio, and the in situ 
mass density,^^j of the soil as determined from the seismic 
investigations in the test site area. These dynamic soil 
properties were used in Eg. 2.36 and Eq. 2.39 of Lysmer' s 
analogue, explained in Section 2.4.3 of Chapter 2, for 
evaluating the spring constant, K and the damping factor ,D 
respectively. The resonant frequency and the maximum 
amplitudes of motion at resonance for each of the bases at 
the corresponding exciting force levels can be predicted 
using the formulae derived for the single-degree~of*~f reedom 
mass-spring-dashpot system, as explained in Section 2.2,3 
of Chapter 2, Thus values of resonant frequency and maximum 
amplitude of motion at resonance were computed using Eq. 2,21 
and Eq, 2.22 respectively, '^ese predicted values are 
tabulated in Table 5,1 for each of the footings of corres- 
pondihg exciting force levels, which are also indicated in 
■Table 5vl.: ^ ■ 't;. 
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The numerical steps involved for one set of 
computations illustrated in Appendix A as an example, 

5.2.2 Evaluation of K and D by Frequency Response Curves 
In this aporoach, the response curves which show 
the resonant frequencies and maximum amplitudes of motion 
for each of the bases/ at the given exciting force levels^ 
are analysed using Eq. 2.21 and Eq, 2.22. For example, the 
damping factor, D can be evaluated from Eq. 2.22 when the 
magnitude of the amplitude of displacement at resonance, 

the total mass of the footing and the vibrator, M and 
eccentricity mdment, m^e of the vibrator are known. The 
damping factor, D, thus found out, can be used in Eq. 2,21 
to estimate the natural frequency, system and 

hence the spring constant, K. 

The estimation of damping factor, D and the natural 
frequency, from Eqs . 2,22 and 2.21 involves some 
uncertain-ties. The effective in-phase mass of the soil 
participating in the vibrations, for instance, must be 
either neglected or included. As mentioned earlier, some 
investigators ( 4, 11, 48 ) tried to estimate the amount of 
in-phase mass by empirical means but without much success. 
The later refinement was to find out a suitable coefficient 
of mass increase, c?C / and a damping factor, D so that the 
lumped mass theory yielded the same maximum response as did 
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the half-spacG theory. These values of coefficient of 
apparent mass increase^'C, are derived for vertical and 
other kinds of motion by Whitman (62) y Hsieh (3l), Punston (17) 
and others , 

In the present study, the field test data have been 
analysed by considering a suitable coefficient of apparent 
mass increase, c)C/ as given by Punston (17) as well as by 
Ignoring tho same. The selected values of csCcor responded 
to the rigid base type of pressure distribution. The results 
of the analyses of these data are tabulated in Table 5.2. 

The numerical steps involved for one sot of computa- 
tions arc illustrated in Appendix A as an example. 

Thus/ three different damping factors can be assigned 
to the same footing if computations are carried out with 
different assumptions or approaches. Though there is 
nothing sacrosanct about these numerical values/ there is, 
atleast, a definite indication about the lower and upper 
bounds of these quantities and hence the presentation of 
results by three different methods. T-t is of interest to 
note here that one of the assumptions of the proposed 
theoretical model to describe the dynamic response of 
embedded footings, which will be explained in Chapter 8, is 
that no change is effected either in the spring constant, K 
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or the damping factor, D as a result of embedment of the 
footing. Therefore, it is important to estimate these 
quantities as correctly as possible. 

5.3 nonlinearity OF OBSERVED RESPONSE 

Typical experimental response curves obtained from 

steady-state vibration tests on Base-1 and Base-3 , without 

any backfilling of the pits, are illustrated in Figure 5.1 

and Figure 5,2. These tests were specially conducted at 

four positionfj of the eccentric masses which corresponded 

to 45, 6o, 75 and 90 degrees in terms of phase angles between 

the eccentric weights or 0,0194, 0.0253, 0.0308 and 0.0358 
2 

pound-second in terms of eccentricity momouits, m^e 
respectively, in order to achieve higher intensities of 
force application. It can be seen from Figure 5.1 and 
Figure 5 ’.2 that the resonant frequency of the system decreases 
with every increase in the eccentricity of the rotating 
masses. For example, there was a decrease of five cycles 
per second in the resonant frequency by increasing the 

2 

eccentricity moment from 0.0194 to 0.0358 pound-second. 

The data illustrated in Figure 5,1 and Figure 5,2 
were, however, analysed by the method described in Section 
5 ,2, 2 . The spring constant, K and the damping factor, D 
were evaluated using Eq, 2.22 and Eg. 2.21 respectively. 

The computations were carried out with the same assumption 
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of coefficient of mass increase /OC as was done in the case 
of previous computations* Such an analysis qualitatively 
indicated a cotinuous decrease in the valuie of spring 
constant/ K with every increase in the eccentricity moments/ 
or dynamic force levels. The analysis also revealed 
that the damping factor, D decreased continuously with every 
increase in the dynamic force levels. These results are 
tabulated in Table 5.2, 

Obviously, the method of analysis which is applicable 
for linear systems only cannot be expected to explain the 
nonlinear behaviour which was observed in the present 
investigation. However, such an attempt can reveal the 
trends in the variation of dynamic soil parameters, spring 
constant, K and damping factor, D during large strain 
amplitudes. Thus, for instance, th® analysis of observed 
data by the linear mass-spri ng-dashpot model revealed the 
decrease of both K and D with higher angles of eccentricity, 
0 as shown in Figure 5.9 and Figure 5.10. The trend in the 
Variation of the parameters, K and D suggests that a 
nonlinear theory of a lumped mass system allowing for a 
nonlinear spring and a nonlinear dashpot are required to 
explain the foundation behaviour whenever large dynamic 
stress levels are encountered. 
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The nonlinear nature of the dynamic response of the 
foundation-soil system was similarly felt in the results 
presented by Jones (33) and the Waterways Experiment 
Station (16), The results of the above mentioned investi- 
gations also indicated the decrease of resonant frequency 
as the amplitude of the exciting force increased, a trend 
confirmed by the present investigation. The decrease of 
K with the angle of eccentricity, 0 , shown in Figure 5.9, 
suggests that the foundation-soil system appears to behave 
as though it were a softening system in which the restoring 
force depends not merely on the dynamic force levels and 
the frequency but also on the amolitudes of displacement. 

Though several theoretical models have been developed 
by many investigators ( 17, 38, 56, 46 ) to explain the 
nonlinear nature of the dynamic response, the exact cause 
as to why the response is nonlinear is not yet Icnown. Some 
possible causes have been put forward by a few investigators 
<as to why the response is nonlinear, Richart (54), for 
instance, felt that some of the test vibrators might have 
jumped free of the ground each cycle when the accelerations 
exceeded 1.0 g, thereby acting as a compactor. This, he 
thought, caused a change in the pressure distribution which 
resulted in the increase of amplitude of vibrations and the 
consequeht nonlinear behaviour found in some tests . 
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Funston (17) reasoned that the nonlinear behaviour could be 
explained, atleast in part, by the fact that soils generally 
exhibit a nonlinear behaviour under static loading. Novak 
(46) observed nonlinearity in damping besides the nonlinear- 
ity in the spring characteristic with experiments, particu- 
larly on cohesive soils. He thought some of the effects 
might depend on the history of preceding loading or stress 
history with clays. He concluded that the nonlinearity of 
exoeriments on some cohesive soils could not be described 
by any single perfectly elastic nonlinear behaviour but may 
be most likely attributed to their visco-elastic and elasto- 
plastic properties. 

5.4 EFFPCT OF MOISTURE IN SOILS 

The assumption in most of the theories up to date 
that the soil medium can be approximated as an isotropic,, 
homogeneous and elastic half-space poses some serious 
obstacles. Soil is infact a rheological material whose 
properties are greatly affected by the presence of moisture 
besides its dependance on the state of stress and other 
factors. The extent to which the moisture content in the 
soil can affect the dynamic response of th® soil-foundation 
system was studied by taking advantage of th® natural rain- 
fall at the test site. The heavy down-pour at the test site 
Provided conditions close to saturatioh of the soil up to 
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1»5 to 2.0 feet below the base level of the footing 

constructed in the excavated pits. One set of dynamic tests 
were conducted on Base— 1 under such wet conditions. The 
graph of dotted lines shown in Figure 5.1 describes the 
response of Base-1 under near saturation conditions /■ at the 
same exciting force levels as those adopted during the 
prevailing dry conditions. The resonant frequencies were 
observed to be less than those observed for tests during 
dry conditions. Also, the resonant amplitudes were slightly 
more than those observed for tests during dry conditions. 

The analysis by the lumoed parameter model indicated an 
appreciable decrease in the spring constant and a slight 
decrease in the damping factor due to saturation. The 
results of these tests are tabulated in Table 5.2, The 
decrease in the spring constant as a result of excessive 
moisture is illustrated in Figure 5.9. This behaviour can 
be intutively explained by the fact that a cohesive soil of 
the type encountered at the test site, loses its strength to 
an appreciable degree with increasing moisture content. 

It is of interest to briefly review the theory of 
wave propogation in porus saturated solids at this state, 
Biot (7) considered the general three-dimensional propo- 
gation of both P and S wayes in a fluid-saturated porous 
medium. Biot ‘s theory has been reviewed by Ri chart, Hall 



114 


and Woods (55) in the context of vibrations of soils and 
foundations. Biot's theory clearly points out the strong 
influence of the structural coupling^ due to the stiff- 
nesses of solid and fluid components of the system, involved 
in the compressional waves and lack of structural coupling 
for the shear wave. Therefore, Richart, Hall and Woods (55) 
have suggested that field measurements of shear waves in 
saturated soils may be taken as the actual shear wave 
velocity in the soil structure. Also, the steady-state 
response of a vibrating footing is closely associated with 
the shear modulus of the soil on which it is resting, as 
can be noted in Section 2.3. In view of the above arguments, 
the shear modulus of the soil and hence the spring constant, 
is not expected to change appreciably with water saturation. 
The contradiction in the observed results may be due to one 
or many of the following reasons 5 

1) partial saturation of the soil; 

2) presence of excessive moisture in the top few 
feet of the soil and the lack of excessive moisture in the 
soil below, might have converted the soil mass below the 
footing into a complicated layer system; 

3) buoyancy effects on unit weight of the soil ; and 

4) physico-chemical changes in the soil structure 

of the silty clay soil due to the presenoG of excessive 
moisture, ■' 
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Further research, under more controlled conditions 
is necessary to verify the implications of Biot' s theory in 
the field of soil dynamics, 

5.5 FFFJiCT OF SIZE AND Sft^PE 

The responses of Bases-1, 2, 3 and 4- are comparable 
with regard to the efi ects of size and shape since they were 
constructed inside excavated pits of same dimensions, at the 
same elevation below the natural surface, with soil conditions 
below each of these footings remaining uniformly same. As 
mentioned earlier, the main series of tests were conducted 
on these four footings at four positions of the eccentric 
masses corresponding to 30," 35, 4o and 45 degrees in terms 
of phase angles between the eccentric weights. This enabled 
to keep the level of the maximum amplitudes of acceleration 
below 0.5 g through out the programme of tests in this series. 
Consequently, the nonlinearity in the observed dynamic 
response of footings was kept at a minimum possible level. 

The observed frequency-displacement cuirves for each of the 
bases at the corresponding exciting force levels are illus- 
trated in Figure 5.3 through Figure 5.6. 

The frequency spectras illustrated in Figures 5«3, 

5 .4, 5 .5 and 5 .6 reveal that the responses of circular 
footings and the square footings of equivalent base area 
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show good agreement as long as the static intensity of 
stress below the footing is same. This is clear by a 
comparison of the responses of Base-1 with Base-3 and Base-2 
with Base-4 respectively. 

The changes in the response of footings with 
foundation base size is another important factor that should 
be borne in mind for any attempts of extrapolating test 
results to the design calculations of larger foundations. 

The deviation of the ‘theoretically predicted changes in the 
dynamic response with respect to base size from the actual 
trends observed in the field, is often considerable. For 
example, the observed increase in the resonant frequencies 
of Base-2 and 3ase-4 with those of Base— 1 and Base-3, as per 
the response curves illustrated in Figures 5.3 to 5.6, is 
of the order of 26,9%. Similarly, the observed decrease 
of maximum amplitudes of Base-2 and Base-4 with those of 
Base-1 and Base-3, at various eccentricity moment values, 
ranges between 46,0 % and 48,0 %. However, the theore- 

tically predicted values which are tabulated in Table 5.1, 
show an increase of 34,5 % in the predicted values of 
resonant frequencies between Base-2 and Base-1 or Base-4 
and Base-3, Similarly, the corresponding, theoretically 
predicted decrease of resonant amplitudes between Base-2 
and Base“4 with those of Base-l and Base~3 is of the order 
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3 1.0 > 0 , The theoreticfally predicted values, tabulated in 
Table 5,1, were computed by means of Lysmer’s analogue, as 
described in Section 5.2.1. 

Noval< (45) published the results of his experiments, 
supplemented by the field test data published by Fry ( 16) 
of Waterways Experiment Station. He noticed that the 
experimentally observed Variations in the natural frequen- 
cies with footings of increasing base area were much greater 
than the tVieoretically predicted ones and they seemed to 
diverge with increasing base area. According to the 
experimental findings of Fry (16) and Novalc (45), the observed 
resonant amplitudes of footings were found^ consistently 
larger than the theory of a rigid body oscillating on the 
elastic half-space indicated. Some such observations have 
been confirmed from the present investigation also. A 
comparison of the theoretically predicted damping factors, 
tabulated in Table 5,1, with those obtained from the observed 
frequency-displacement relations, tabulated in Table 5.2, 
reveals that the effective damping of real footings is 
always less than that predicted by the elastic half-space 
theory. A similar observation has been reported by Novak (45) 
also. ' 

The deviation of test results from the theoretically 
prediGted values may be attributed to the changes in the soil 
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5.6 RESPONSfi OF BASE_5 

As mentioned in Section 3 .3 an additional concrete 
base, designated as Base-5, was constructed on the natural 
surface and the same is indicated in the layout of the site 
plan illustrated in Figure 3.3, Base-5 was also tested under 
steady-state vertical vibrations at four different positions 
of the eccentric masses corresponding to 30, 35, 4o and 45 
degrees in terms of phase angles, 0 between the eccentric 
weights. Typical frequency-displacement curves are illust- 
rated in Figure 5.7. 

It is of interest to note that both Base-5 and Base-3 
are geometrically identical. Yet there is a marked difference 
between the natures of the dynamic response of both the 
footings. The frequency response curves of Base-5 reveal 
a higher resonant frequency and a slightly lesser amplitude 
of motion at resonance. These frequency resoonse curves 
have been analysed to yield values of lumped parameters, K 
and D by the method described in Section 5,2,2, These 
results have been tabulated in Table 5-2, It can be seen 
that both the soring constant, K and the damping factor, D 
are somewhat higher in comparison with the values evaluated 
for Base~3 hy the same method. It may also be noted the 
observed dynamic response of Base-5 is hearer to the theore- 
tically predicted response, as tabulated in Table 5.1. 
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This can be expected as Base~5 was constructed on the natural 
surface of the soil, which closely approximated the assumption 
on which the elastic half-space theory is developed. It is 
rather intriguing that the layering effect described, in the 
previous section was not noticed in the dynamic response of 
Base-5, in spite of the presence of the silty clay layer 
containing hankar or limestone nodules about five feet below 
the base of footing. This was perhaps due to the fact that 
the limestone nodules whose average effective diameters 
ranged between half inch to one and a half inch, were so 
loosely distributed as to cause any appreciable change in 
the wave propogation characteristics of the medium. The 
presence of the kankar, however, might have contributed 
towards the overall stiffness of the system which is felt 
as an increase in the spring constant, K. 

5,7 RESPONSE OF CHA1<ERI-BASE 

As mentioned in Sections 3.2 and 3.3 of Chapter 3, 
a sixth concrete footing was constructed at Chakeri test site 
which is designated as Chakeri-Base . The concrete footing 
at this site was constructed in a large excavated pit of 
lateral dimensions: 12 feet by 12 feet; and its base was 
founded directly on the silty clay layer containing kankar 
or limestone nodules. The layout of the test area is shown 
in Figure 3>4. It can be recalled that Chakeri-Base is 
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geometrically identical to Base-3 and Base-5. Chakeri-Base 

was tested under steady-state vertical vibrations at five 

positions of the eccentrid masses which corresponded to 

36/ 45, 54, 63 and 72 degrees in terms of phase angles 

between the eccentric weights or 0.0156, 0.0194, 0.0230, 

2 

0.0265 and 0.0293 pound-second in terms of eccentricity 
moments, m^e, respectively. Typical frequency-displacement 
curves are illustrated in Figure 5.8. 

Though the Bases-3 and 5 and Chakeri-Base were 
geometrically identical and had the same mass, Chakeri-Base 
registered relatively lower amplitudes of motion at resonance 
than those registered by either Base-3 •r Base-5. Also, the 
observed resonant frequencies of Chakeri-Base at all positions 
of the eccentric masses were higher than those registered 
by either Base-3 or Base-5. 

The observed frequency-displacement curves for 
Chakeri-Base, illustrated in Figure 5.8, were analysed to 
yield values of lumped parameters, K and D, by the method 
described in Section 5,2»2. These results have been 
tabulated in Table 5.2. It can be seen that both the spring 
constant, K and the damping factor, D are higher in comparison 
with the values evaluated in the same way for either Base-3 
or Base-5 .This shows that the effective stiffness as well as 
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damping of the soil beneath the Chakeri-Base was at its 
highest as the concrete footing was directly constructed 
on top of the relatively hard layer of silty clay with 
kankar. It can be recalled that this particular layer of 
soil registered a shear wave velocity of about 567 feet per 
second as per the findings of the cross-hole seismic inves- 
tigations, conducted at Chakeri test site, the results of 
which are tabulated in Table 4.1. It may also be noted 
that the subsequent layers of clayey silt and fine sand 
located below the silty clay layer with kankar registered 
higher shear wave velocities by virtue of their depths 
below the natural surface. 

The presendTsi^ of silty clay layer with kankar was 
noticed below both Base-5 and Chakeri-Base. A comparison 
of the responses of both Base-5 and Chakeri-Base reveals 
that it is advantageous to locate the base of the footing , 
directly on the relatively harder layer of silty clay with 
kankar, in order to achieve the maximum overall stiffness 
of the soil below the base. ' 
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table 5.2 RESULTS OF AI'LaLYSES OF EXPERIMENTAL FREQUENCY. 
DISPLACEMENT RESPONSE CURVES. 
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Table 5.2 contd..... 
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0.00325 

224 

0 ,205 

214,8 

537818 

-Do- 

3 

0.0131 

1 .00 

0 .00285 

226 

0 .201 

216.7 

547150 

-Do- 

4 

0.0194 

1.21 

0.00225 

283 

0 .323 

251.4 

891262 

5.6 

4 

0.0174 

1..21 

0.00195 

283 

0 .336 

248.7 

871890 

■~Do- 

4 

0.0152 

1.21 

0.00170 

283 

0.337 

248.5 

870706 

-Do- 

4 

0 .0131 

1.21 

0.00145 

283 

0 ,3 41 

247.6 

864541 

— Do— 

4 

0.0194 

1.00 


283 

0 . 40 4 - 

231.8 

626077 

5,6 

4 

0.0174 



283 

0.422 

226.5 

598177 

— Do- 

4 

0.0152 



283 

0.424 

226.3 

596451 

-Do- 

4 . 

0.0131 

1 . ■ ■ ■ 



283 

. 1 
1 

0 <430 

225.0 

590125 

-Do- 
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1 .00 

0 ,00435 

keri 

Base 

0.0265 

1.00 

0.00380 


0.0230 

1,00 

0.00345 
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o 

o 

0 .00280 
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1 .00 
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0.238 

221.7 

624427 

0.235 
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CHM’TER 6 

TESTS ON EMBEDDED FOOTINGS 


6 . 1 general 

One of the main assumptions of the existing theoretical 
mo^lels which attempt to describe the vibrations of foundation- 
soil systems is that the vibrating body rests on the surface 
of the soil or the so called 'half-space* . The real founda- 
tions, however, are founded beneath the ground surface so 
that they are either fully or partially embedded into the 
soil, surrounded by a compacted fill material in normal 
circumstances or by undisturbed soil in some special cases. 

The dynamic response of a footing which is either surrounded 
by a compacted fill material or by uiadisturbed soil is quite 
different from that of a footing which is surrounded by an 
air gap or resting on the natural surface of the soil. On 
many an occassion, the effect of embedment is ignored as the 
design calculations with respect to amplitudes of motion 
would err on the conservative side. However, a realistic 
assessment of the effect of embedment, may, atleast, help, 
in establishing the degree of conservatism involved besides 
enhancing the credibility of the theoretically predicted 
values. With this in view, another series of steady-state 
vibration tests were conducted to determine the effect of 
embedment on the vibration characteristics of massive concrete 
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footings founded below the ground surface. The results of 
these experiments are discussed in the following sections. 

6,2 PRfiSEhTATIOt OF RESULTS 

The effect of embedment was studied on Base-2, 3 
and 4 by the backfilling of well graded sand into the 
respective pits in layers of specified depths. Each layer 
of sand was compacted to the same density by vigorous 
tamping/ follov>red by vibratory compaction. The steady- 
state tests, in the vertical mode of vibration, were then 
conducted on each of the bases in the manner described in 
Section 3,3,4, Each of the bases was tested, for different 
depths of embedment in compacted fill, at four different 

, , I 

exciting force levels corresponding to 30, 35, 40 and 45 
degrees in terms of phase angle betv/een the eccentric weights 
of the vibrator. The observed dynamic responses of each of 
the footings for various heights of the compacted fill 
material, in terms of frequency-displacement spectras, are 
illustrated in figures 6,1 through 6,15, 

In general, backfilling which in other words amounts 
to embedment of tbe footing, resulted in the decrease of 
resonant amplitudes of motion and increased the resonant 
frequenGies. This trend can be clearly seen from the 
frequency-displacement curves illustrated in Figures 6,13, 
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6,14 and 6.15. For convenience of interpretation/ the 
observed experimental results are presented in the form of 
dimensionless factors. The height of the backfill is 
expressed in terms of an embedment factor, H/ro which is the 
ratio of the deoth of embedment, H , to the radius, r^ of 
the footing. The reduction in amplitudes of displacement 
at resonance is expressed in terms of an amplitude reduction 
factor, Xor.h />^r which is the ratio of the amplitude of 
displacement of the embedded footing, to the amplitude 

of displacement, X^j. of the footing which is not embedded. 
The increase in resonant frequency is expressed in terms of 
a frequency-increase factor, /COr which is the ratio 

of the resonant frequency, of the embedded footing to 

the resonant frequency, ^a)j- of the footing which is not 
embedded. 

The field test results are illustrated in Figures 
6,16 and 6,17 where the amplitude reduction factors’ and the 
frequency-increase factors are plotted against the embedment 
factor. It can be seen from Figure 6.16 that the rate of 
decrease .in the maximum amplitudes with the depth of embed- 
ment becomes smaller as the depth of embedment is increased. 
The results: of some field investigations of similar nature, 
but on different types of soils, have been reported by 
Barkan ( 6) , Fry ( 16) and Novak (45) , Some of the numerical 
data published by Novak ( 45) and Fry ( 16) are also indicated 
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in Figures 6.16 and 6,17. 

The results show that the mass ratio, b , of the 
footing plays an important part at large embedment factors. 
It is of interest to nc^te here that Chae ( lo) who conducted 
a laboratory investigation of embedded footing using an 
electro-magnetic type of oscillator, producing a sinusoidal 
force of constant amplitudes, concluded that the amplitude 
reduction factor is independent of the mass ratio. The 
error involved in such an inference may be insignificant for 
small embedment factors. However, the effect of mass ratio, 
b , becomes more pronounced for larger embedment factors as 
is evident from Figure 6^16. 

Similarly, the increase in the observed resonant 
frequency of the system is shown by a plot of frequency- 
increase factor against -the embedment factor in Figure 6.17. 
Numerical data oublished by Fry (l6) and Novak (45) are also 
indicated in the same figure. The increase of resonant 
frequency with embedment is quite significant. It is, 
however, important to note that rotating-eccentric-mass type 
of oscillators were used to obtain the field test data 
plotted in Figure 6,17, 

Chae do) who employed a constant force type of 
excitation, observed that thecchanges in the resonant 
frequencies wepe insignificant with the depth of embedment 
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of the footings. A similar investig'''.tion, employing constant 
force type of excitation, was conducted by Jain (32) on 
small concrete footings embedded in sand wherein a decrease 
of resonant frequencies with increase in the depth of 
embedment has been reported. 

Therefore, it can be concluded that the maximum 
amplitudes decrease with embedment irrespective of the type 
of excitation. Hov;ever, the increase or the decrease in the 
resonant frequencies with embedment depends on the tyipe of 
excitation. 

6.3 AJ^ALYSIS OF TEST RESULTS 

An attempt was made to analyse the data obtained 
from tests on embedded footings by means of the single- 
degree-of-f reedom lumoed mass-spring-dashpot model as 
described in Section 5.2.2. The lumped parameters Viz,, the 
spring constant, K and the damping factor, D were calculated 
from each of the response curves obtained for various depths 
of embedment. In all the calculations, the mass associated 
with the vibrations of the embedded footing was assumed to 
be same as that of the footing which was not embedded. Such 
an analysis of each response curve, obviously, yields 
different values of the spring constant, K and the damping 
factor, D for every change in the depth of embedment v Though 
broad conclusions cannot be drawn £ rom these numerical 



143 


quantities, the results, however, describe qualitatively 
the trend in the variation of the lumped parameters. For 
instance, both the spring constant, K and the damping factor, 

D have been found to increase, rather irregularly in the 
case of K, with the depth of embedment as shown in Figure 
6.18 and Figure 6,19. The variation of the spring constant, 

K with embedment was expressed in terms of a stiffness- 
increase factor, Kj^/K which is the ratio of the spring 
constant, of the embedded footing to the spring constant, 

K of the footing v;hich is not embedded. Similarly, the 
variation of the observed viscous damping factor, D was 
expressed in terms of a damping-increase ratio, which 

is the ratio of the viscous damping factor, Dj^ of the embedded 
footing to the damping factor, D of the footing which is 
not embedded. The stiffness and damping-increase factors, 
as obtained from an analysis of observed f requency-displace- 

4 

ment curves, are plotted against embedment factors and are 
illustrated in Figure 6.18 and Figure 6.19, The numerical 
results are tabulated in Table 6,1, 

Kaldjian (34) demonstrated the increase of static 
spring constant with embedment by finite element idealisation 
of the soil media. Results reported by Kaldjian (34) are 
also plotted in Figure 6 .18 to. examine the extent of 
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correlation of observed data with those of the theoretically 
indicated values. The scatter of data at low embedment 
factors is too much to draw any conclusion. The increase 
in the observed stiffness factor at embedment factors 
greatcer than 0.8 is well defined. However, the theoretical 
curve and the experimentally obtained curve diverge with 
increasing embedment factors. 

This raises some serious doubbs as to the utility 
of single-degree-of-freedom mass-spring-da shpot model in 
either analysing or predicting the response of an embedded 
footing. As discussed earlier, the magnitude of uncer- 
tainties involved in actual practice, even in the absence 
of embedment, is too much for the single-degree~o£-f reedom 
mass-spring-dashpot model to explain. In view of all these 
practical difficulties/ a separate parameter which can 
describe the effects of embedment in an indepen (ent manner 
is very desirable, 

6,4 DISCUSSION ON ThST RESULTS 

As mentioned previpusly the embedment of a footing 
resulted in the reduction of the amplitude of motion at 
resonant peaks and increased the resonant frequencies . 
However, it should be noted that rotating mass type of 
vibrators were used in all the field investigatipna from 
where the above observations were noticed/ Barkan (6) 
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presented examples in which embedment o£ footings decreased 
the vertical motions at resonance considerably. In one 
particular case a footing with bl base area of 1,0 m^ placed 
on silty clays, registered an amplitude reduction factor of 
0.3 due to the backfilling of the foundation excavations to 
a depth of 2 m. Barkan (6) attributed this aspect of the 
steady-state vibrations of an embedded footing to an increase 
in the effective damping force. Richart, Hall ond V^loods (55) 
attributed the same phenomena to an increase in the effective 
spring constant as well as a probable increase in the 
effective damping force. The reduction in motion of an 
embedded foundation was attributed by Chae (lo) to the 
additional shear resistance along sides of the footing and 
to a shift in the contact pressure distribution caused by 
the surcharge around the footing. Chae (lo) suggested that 
the effect of embedment should be evaluated in terms of 
embedment depth ( or the amount of surcharge) , the weight 
and size of the footing. McNeill (44) thought that the 
effect of embedment was to increase the stiffness of the 
system. He attributed the increase of stiffness to three 
sources! l) resistance to deformation due to the embedment; 

2) side friction between the soil and the foundation; and 

3) increased soil stiffness due to the confinement or over- 
burden . McNeill (44) indicated that the first two effects 
could iDe estimated for vertical mbtions by the use of curves 
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developed by Kaldjian (34) and reproduced in Figure 6.18, 
McNeill (44) suggested that the effect of confinement or 
overburden could be taXen into account in the laboratory 
testing programme by performing tests at a confining pressure 
equal to the average of the principal stresses in the design 
configuration, Novak (45) felt that the dynamic response 
of an embedded footing depended on the relative height of 
the backfilled material as well as the density of the fill 
material. He also thought that the foundation response very 
much deoended on the quality and nature of the foundation 
contact with the surrounding soil . 

The above discussion indicates how difficult it is 
to integrate the view points of each investigator into a 
rigorous mathematical theory like the elastic half-space 
theory. However, experimental evidence suggests that the 
physical characteristics of the interface between the sides 
of the footing and the surrounding fill material plays a 
major role in the complicated phenomena of vibrations of an 
embedded footing. It is also felt that any attempt at 
formulating a theoretical model should be such as to allow 
the study of embedment as an independent parameter. Such a 
flexible approach feci litates the study of the effects of 
several associated factors such as l) different fill materials, 
2) fbund-at ion sides with varying degrees of roughness , 
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3) foundation shapes allowing for various perimeter areas/ 

4) different intensities of surcharge etc. on the dynamic 
response of an embedded footing even while assuming that th 
base- of the footing is resting on the surface of an elastic 
hlaf-space. One such attempt is elucidated in Chapter 8. 
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TABLE 6.1 results OF ANALYSES OF EXPERIMENTAL FREQUENCY, 
DISPLACEMENT CURVES FOR VARIOUS DEPTHS OF 
EMBEDMENT . 


Ba3e-2 ; qQ- 1*21 


moe 

in 

lbs 

Sec? 

H/ro 

Observed 

^or 

In 

inches 

Observed 

COr 

in 

radians 

per 

second 

D 

in 

radians 

per 

second 

K 

lbs. 

per 

inch 

Refer 

Fig, 

No. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

0.0194 

0 .281 

0.00215 

305 

0 .340 

267.0 

1005483 

6 . 1 


0 .562 

0.00205 

316 

0 .35y 

271.8 

1041341 

6 .2 


0.843 

0.00190 

325 

0.394 

270,0 

1027612 

6.3 


1.12 5 

0,00180 

350 

0.421 

231 .0 

1113176 

6.4 

0,0174 

0,281 


305 

0.3 46 

265.6 

994589 

6.1 


0.462 


! 316 

• 

0.363 

270.9 

1034471 

6.2 

. 

0.843 


325 

0.402 

267 .2 

1006972 

6.3 


1.125 

0.00160 

350 

: 0.426 

1 

i 279.1 

j 

_ - 

1098113 

6.5 

0.0152 

~~1 

0.281 

0.001675 

- " ’rn-.ir 

316 

0.342 

I 276.1 

107 4686 

6,1 


0.562 

0 .00160 

.316 

0.361 

271.3 

1037591 

6 .2 


10.843 

0 .0014 5 

338 

0.407 

I 276 .0 

1074435 ! 

6 .3 


i:..T.l25 

s 1 

8 1 

o j 

367 

0.425 

293.5 

1214205 

6 .4 

. 1 -.. , ......y,... ... ■ 


• » • ♦ ♦ # 
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Table 6,1 contd.... 


I 

( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 

( 3 ) 

0.0131 

0 .281 

0.00145 

. 

316 

0.341 

..... 

276.5 

1078035 

6.1 


0.562 

0.00140 

325 

0.355 

281.1 

1114031 

6.2 I 


0,843 

0.00125 

338 

0.407 

276.1 

1074784 

6.3 


1 .125 

0.00120 

367 

0.428 

292.3 

1204444 

6,4 



Base -2 ; 

( 7 C = 1 . 

00 



0,0194 

0.281 

0.00215 

— 

305 

0,428 

242,3 

684150 

6.1 


0.562 

0.00205 

316 

0.456 

241.1 

677310 

6.2 


0.843 

0.00190 

325 

0.509 

225.7 

593488 

6.3 


1.125 

0.00180 

. 

350 

0.556 

' 1 

215.8 

542826 

6.4 

0 .0174 

0,281 


305 

0.437 

239 .5 

668036 

6.1 


0.562 


316 

0.461 

238.2 

666699 

; 6 '. 2 . 


0 ,843 


325 

0.523 

218.6 

556988 

■ 6.3 ■ 


1.125 

' 


350 

0 ,566 

209.5 

511226 

6 ;. 4 

L , 

0 .0152 

1 X,,-,- 

10.281 

0.001675 

316 

0 .432 

249.9 

' 727536 

i 6 ,1 


i 0 .562 

0.00160 

316 

1 , ■ . ■■■■ ■' ' ' 

0,459 

240.1 

671530 

6.2 


' 0 .8 43 

0.00145 

[. . 338 

■ 0.531 

222.9 

579127 

6.3 


' 1.125 

6.00140 

"3 6 : 7 :.: 

, 0.564 

221.2 

5701 49 , 

■'; 6 . 4 ;: 


Contd 
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Table 6 . 1 contd . . 


(1) 

, 

(2) 

(3) 

(4) 

(5) 

ur'"’ 

(7) 

(8) 

0.0131 

0,281^ 

0.00145 

316 

0.429 

250.7 

732474 

6,1 


0 . 562 

0 .00140 

325 

0.450 

2 50.8 

733013 

6 ,2 

■ 


0.843 

0.00125 

338 

0.531 

223.1 

579775 

6.3 


1 .125 

L_. 

0.00120 

367 

0.570 

217.1 

549054 

6,4 

Base-3 ; < 5 ^ = 1,09 

0 .0194 

0.667 

0.00330 

261 

0.238 

246.0 

768434 

6.5 


1 .334 

0.00290 

282 

0.274 

2 6o . 6 

862313 

6.6 


2 .000 

0.00245 

303 

0 .330 

268.0 

911951 

6.7 


2 ,668 

0 .00220 

315 

0.374 

267 .0 

905156 

6.8 

0.0174 

0.667 

0.00295 

261 

0 •239 

2 45.3 

767628 



1.334 

0 .002 50 

282 

O .286 

2 58 . 5 

848383 

6 .6 


2 .OOO 

0.00220 

303 

0.330 

268.0 

912330 



2.668 

0.00195 

315 


265.4 

894587 


0.0152 

0.667 


261 

0.242 

2 45.5 

765377 

6.5 


1 •334' 


287 

0.291 

261.9 

870894 

6.6 




303 

0.334 

267 .0 

905624 

, 6.,7' 


2 .668 


325 

0.381 

2 73*6 

950750 

■ ■ ■ 

6.8 


Oontd # ♦ # * » 
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Table 6 . 1 contd . . . . 


(1) (2) 



Base-3 ; cKl ~ 1 ♦O® 



0 .00330 

261 

0.261 

0,00290 

232 

0.301 

0.00245 

303 

0.365 

0.00220 

315 

0.416 

r ■ " " 

0.00295 

261 

0.262 

0.00250 

282 

0,315 

0.00220 

303 

0.364 

0.00195 

315 

0,42 2 

0 .00255 

261 

0.265 

0.00215 

287 

0,320 

0 .00190 

303 

0.369 i 

0,00170 

: 32 5 

0,424 ! 


686581 6.5 

761914 6.6 

784933 6.7 

754166 6.8 



683158 6.5 

764355 6.6 

777573 6.7 

787233 I 6 .8 


Contd 
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•t'able 6 . 1 contd . . . 


(1) 

(2) 

inmiiii 

(4) 

*' ( 5) 

(6) ' 

(7) 

(8) 

0.0131 

0.667 

0 .00220 

261 

0,241 

245.5 

765603 



1.334 

0.00190 

29 4 

0,283 

269 .0 

919312 



2 .000 

0 .00165 

303 

0.331 

267.7 

910109 

6,7 


2 ,668 

0.00150 

325 

0.370 

276.6 

971931 

6 .8 











Base~3 ; 

oQ= 1* 

00 



0.0194 

0.667 

0.00330 

261 

' — 

0.261 

242.7 

686581 

6*5 


1 .334 

0.00290 

282 

0.301 

255.7 

761914 

6.6 


2 .000 

0.00245 

303 

0,365 

259.6 

734933 

6.7 


2.668 

0.00220 

3115 

0.416 

254,4 

754166 

6.8 

0.0174 

0.667 

0.00295 

261 

0.262 

242,6 

685680 ' 

^ j 

6 .5 

1 

1.334 

0.00250 

282 

0.315 . 

253 .1 

746111 

1 

6.6 

1 

2 .000 

0.00220 

303 

0.364 

2 59.6 

785374 " 

■ ■ 1 

6.7 


2 .668 

0,00195 

315 

0.422 

2 52,3 

741443 ^ 

6,8 

0.0152 

0.667 

0.002 55 

261 

0.265 

242.2 

683158' 

6,5 


1.334 

0.00215 

287 

' 1 

0.320 

2 56.1 

764355 

6.6 


2 .000 

0.00190 

303 

0.3 69 

258.3 

777573 

6.7 


2.668 

0.00170 

325 

0.424 

259 .9 

787283 

6,8 


Contd , . . , . 
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Table 6 . i contcl. . . . 


(1) 

(2) 




(6) 

(7) 

(8) 

0.0131 

0.667 


— 1 

261 

0 .265 

242 .2 

683411 

6.5 


1 .334 


294 

0.311 

263 .6 

S09431 

6,6 



0.00165 

303 

0 •366 

259.2 

782792 

6.7 

1 

2.668 

0.00150 

325 

0.411 

2 64.1 

312795 

6.8 



Ba3e-4 ; 

C<I.= 1, 

21 



0.0194 

0.281 

0.00195 

305 

0.381 

256,5 

927388 

6.9 


0.562 

0.00185 

316 

0 • 407 

258.1 

939250 

6 . 10 


0.843 

0 ,00175 

325 

0.437 

255.6 

921025 

6.11 


1.12 5 

■ 

0.00170 

350 

. 

0.454 

268.2 

1014280 

6.12 

0 .0174 

0 .281 


305 

0.395 

252.6 

899662 

6.9 


0 ,562 

. 


316 

0.410 

257.1 

932077 

6 .10 


0 .843 

. 

0.001575 

325 

. 0.43 5 

256.2 

925353 

6.11 


1,125 

■ ■ ■ j 

0.00150 

350 

0 .464 

263.7 

980768 ’ 

■ 

6.12 

0.0152 

0.281 

0.00150 

316 

- 

0.390V 

263 .1 

976361 

6.9 


0.562 

0.00142 

325 : 

0.418 

2 54.6 

913952 

' ' ■' 

6.10 


0 ,843 

0;,00137 

3:38. ' 

OV437 

265.2 

991431 ! 

• • ' 1 

6.11 


1 .1.2 51 

'■ . ■■ "I 

1 

0.00130 

367 

|0.470 

274.6 

... 1 

1063595 

6.12 


Contd , . . . 
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Table 6.1 contd... 


(1) 

"'{ 2 ) ■ 

(3) 

(4) 

( 5) 

(6) 

' "( 7) 

(8) 

0.0131 

0.281 

0,00130 

316 

0.387 

263 .9 

982135 

6.9 


0.562 

0 .0012 5 

325 

0.407 

265.3 

996289 

6 .lO 


0,843 

0,00120 

338 

0.428 

268 .5 

L016791 

6.11 


1 .125 

0.00115 

367 

0.453 

282 .0 

L 121520 

6.12 



. Base -4 ; 

oC = 1 . 

00 



0 .0194 

0.281 

0 .00195 

305 

0 . 489 

219 .8 

563127 

6.9 


0.562 

0.00185 

316 

0.531 

208 .5 

506 506 

6,10 


0.843 

0.00175 

325 

0.588 

180.6 

380169 

6,11 


1,125 

0.00170 

350 

0.631 

157.8 

290281 

6 . 12 

0 .0174 

0.281 

0.00170 

305 

0.511 

1 

210.5 

516192 

6.9 


0.562 

0,00165 , 

316 

0.536 1 

205.7 

493077 

6 .10 


0.343 

0 .001575 

325 

0.584 

183 .1 

390540 

6.11 


1 .125 

0.00150 

350 

0.674 

106.4 

131924 

6.12 

0.0152 

0.281 

0.00150 

316 

0.503 

221 .6 

. 1 

572398 

6.9 

■■ \ 

0.562 

0,00142 

■ ; 1 

325 ! 

0 .550 

198.2 

,457894 

6 .10 


0,843 

0.00137 

338 

0 . 539 

186.4 

'404862 

6 .;ii 


1.125 

0.00130 I 

367 
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CHAPTER 7 

TESTS WITH SURCHARGE 


7 . 1 GENEIWj 

The effect of embedment of footings, as described 
in tho previous chapber, may be considered due to the 
additional frictional resistance along the sides of the 
footing and to the changes in the overall stiffness and the 
effective mass of the vibrating system caused by the surcharge 
or overburden around the footing, besides several other factors. 
Therefore, it was thought that the embedment effect could be 
better understood if the effect of surcharge was independently 
stu '.ed by a procedure which could eliminate the interface 
between the foundation sides and the surrounding soil. 

With this in view, a third series of tests with 
surcharge V'jere conducted on Bases- 1, 2 and 5 by two diffe- 
rent methods* in one of the methods, the interface between 
the sides of the footing and backfilled sand was eliminated 
with the help of a rigid box barrier whose dimensions were 
slightly more than that of the footing under test. The air 
gap between the box barrier and the sides Oi. the footing 
was kept less than an inch to provide a situation of 
embedment-mi nus-the-interf ace as closely as possible. The 
surcharge was increased in regular increments by the back- 
filling of sand into .the space between the periphery of the 
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rigid box cnclosare and the reexcavated pit. 

Hio ef 1 oct of surcharge was studied a different 
method in which .san-T bags were placed all around the footing 
so that tho gap between the footing and the edge of sand 
bags was aporoximately six inches. The surcharge was 
increased in regular increments by pil ing up sand bags/ 
Iny'r above lay'=ir. The dynamic response of the footing for 
Various layers of surcharge consisting of sand bags was 
obtained by oxciting the footing into steady-state vertical 
oscillat'ons in the same manner as described in Section 3.3, 

7.2 test Results 

The dynamic response of the footings for various 
depths of surcharge was obtained at several selected eccen- 
tric settings of the rotating masses/ as was done earlier. 
Typical froguency-dsplacement curves obtained by the sand 
bag method/ in the case of Base-5 ire illustrated in Figures 
7,1 to 7.7, The results of tests conducted on Bases~l/ 2 
and 5 by the two methods described in Section 7.1 have be^en 
presented by plotting the r'-aximum amplitudes at resonance 
and the resonant frequencies against the number of surcharge 
layers in the case of sand bags and the height of surcharge 
in the case of backfilled sand, for convenience. These 
results are illustrated in Figures 7.8 to 7.12. 
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oomo intf^resting observations were made regar'ling 
the change of maximum amplitudes at resonance with increas- 
ing number of surcharge layers. Initially/ the resonant 
amp3 itudos wore found to decrease rapidly upto a specific 
number oE surcharge layers which can be called as the 
optimum surcharge value' . The resonant amplitudes were/ 
however, found to increase with ev^ry further increment in 
the nuinb(,T ot surcharge layers after surpassing the so called 
' ootlrnurn surcharge value' . The increase in the resonant 
amplitudes were obsf rved unto a specific number of surcharge 
layers which can be called as the 'critical surcharge value' . 
The r'-^sonant amplitudes were, however, found to remain more 
or loss constant after surpassing the so called 'critical 
surcharge value' , On the other hand, the resonant frequen- 
cies increased with the number of surcharge layers initially, 
but, later, was found to decrease with further increase of 
.surcharge. This, rnther a peculiar phenomenon at first 
sight, occurred consistently for all the bases at several 
exciting force levels, as illustrated in Figures 7.8 to 7.12, 

' n attempt was made to generalise the test results 
by defining a surcharge factor as the ratio of the intensity 
of surcharge pressure surrounding the footing to the static 
pressure below the base of the footing. Thus, the optimum 
surcharge factors for Bases-1, 2 and 5 were found to be 
0.18 / 0.28 0,08 respectively. Similarly the critical 



178 


surchcirgu l-acb'rs for Bases- 1 , 2 and 5 wore found to be O .47 ^ 
0,70 0 .39 respectively . 

7.3 DISCUSS lOlS) Oh Ti^ST RLSULTS 

It may be rather too i 3 arly to draw broad conclusions 
from the numi rical values of optimum surcharge values found 
from the- surcharge tests conducted on some concrete footings 
In the present investigation. This is esp^-cially so as 
thi"* nurri' rical values may hold good only for the particular 
Gonditjons and circumstances under which the tests were 
conducted. However, the results of th<-se tests indicate, 
atleast qualitatively^ that the manipulation of the amount 
of surcharge around a vibrating footing may be used for 
bringing down the resonant amplitudes of motion. Further 
experimental investigations under more controlled conditions 
can establish the precise values of optimum surcharge factors 
in terms of the geometry of the foundation and other pertinent 
pai'amctors » As such, th value of these inv<3stigations has 
a good, potc.ntial in places whixe corrective measures are 
to bo suggested to improve the performance of machines 
whose foundations are designed by the rule of thumb or 
without ororer field investigations. 

The effect of surcharge, as described in the previous 
paragraphs, may be attributed to the changes in the confining 



179 


prc’nsura and the effective mass associated with the 
vibrations, i'or instance/ the trend in the variation of 
the 1 Gsonant amplitudes of motion with respect to the first 
few increases in the surcharge can be explained by the fact 
that the confining pressure below the base has increased. 

Tho 3 ncrease in the confining pressure may be expected to 
cause an increase in the overall stiffness of the system 
and honco the decrease of resonant amplitudes and increase 
of resonant frequencies. The reduction in maximum amplitudes/ 
however/ v;ould cease at some stage and the amplitudes at 
resonance will begin to increase because of the reduced 
damping/ caused by an increase in the associated mass of 
the vibrating system in the fomi of further increments in 
surcharge. The same reason explains the decrease of resonant 
f rc'quencios , In other words, the amplitudes of motion at 
resonance will increase and the resonance frequencies will 
decroaso with further increments in surcharge, i.e, beyond 
tho so cal l.cd 'optimum surcharge factor', due to the increase 
in the efCoctive mass ratio, b, of the vibrating system, 
fhe rate of increase of resonant amplitudes was found to 
become negligible after surpassing the so called 'critical 
surcharge factor' . This apparently stable state was attained, 
perha is by the combined effect of the varying confining 
pressure in the soil below the base and the changes in the 
offoctive mass associated with the vibrating system. 
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However, furt'.hor research efforts in this direction are 
desirable to understand fully the efforts of surcharge on 
the steady-state response of footings and its significance 
in the area of corrective measures which are adopted to 
improve the performance of existing machine foundations. 

It nay bo of interest to note that the tests with 
surcharge were undertaken in order to estimate the share 
of iniluenco of surcharge on the dynamic response of 
embedded footings. Though the effect of surcharge is not 
explicitly taken into consideration by the proposed theore- 
tical model for embedded footings, explained in Chapter 8, 
the influence of the same is implicit in the procedure 
suggested for the evaluation of the constant frictional 
force mobilized along the interface between the foundation 
walls anl the surrounding soil, as explained in Section 8 .-4 
of Chanter 8. 
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CHAPTER 8 

THE PROPOSED THEORETICAL MOoEL 


3 . 1 general 

The theoretical models which were reviewed in 
Section 2,5.3 cannot fully explain the actual performance 
of embedded footings because ot the highly simplified 
assurnotionn made regarding the shaoo of the footing, the 
quality of the footing contact with the surrounding soil 
and th<? idealised prooerties of the half-space in which 
the footing is embedded. Hecauso of the magnitude of 
uncertaln^tios involved in actual practice, it seems 
justifi able to chose such a model whose parameters can be 
adjusted to findings from field tests* The s ingle-degree - 
of-freedom masa-spring-dashpot analogue, based on the elastic 
half-space theory, no doubt, has all the advantages for such 
ad^iuafcmcnbs « But this model is already made vulnerable for 
its inability to accommodate some of the serious departures 
from the theory encountered in practice such as those due 
to the nonlinear nature of the responso of footings with 
higher dynamic tore® levels, the effects of variation of 
soil properties with depth and the effects of base size 
and shaie of the footing. Therefore, any attempts at 
including the effect of embedment also into the same model 
will only add to the already existing doubts. In view of 
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all these practical difficulties, a new lumped carameter 
model which can deal with the effects of embedment in an 
indeoendent manner has been suggested in this dissertation. 

8.2 OF 

The embedment of footing results in the increase 
of totT.1 foundation surface subjected to the influence of 
soil re'actions. The soil-footing interface due to embedment 
is an unavoidatalo source of interfacial friction between 
the two surfaces and consequently# an increase in the 
d i ssioation of energy of foundation vibrations in the form 
of a constant friction damping can be expected. The sides 
of the footing and the soil with a common interface are 
held together by a clamping pressure which depends on the 
lateral earth pressure as well as the physical characteris- 
tics of the interface formed by the foundation surface and 

th' surrounding soil, When a variable ext . rnal load is 
applied, the shear stress on the interface is augmented. 

SJ ip ( vontually occurs when the variable load exceeds the 
clomoinq •i:)ressur.. This implies that th^ points on the 
opposi-te sides of the interface experience small relative 
displacements. When such a motion occurs along the inter- 
face, one is usually justified in neglecting the clastic 
dofonnations and in treating the contacting elements as 

rigid. 
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Tho estimation of the on>-E'gy 'dissipation at the 
soil-footing interface as a result of frictional forces 
that are brought into play is thus very important. The 
natur>_ an(3 the amount of those frictional forces would/ 
howovor, depend on the mode of vibratLons, the relative 
do Dth of ombedne-nt/ tho area of side contact, the density 
of th'-' surrounding soil, the nature of contact between the 
foundation sides and the surrounding soil and the effects 
ol surcharge around the emibodded footing. Therefore, any 
att' nuit at fomnulating a theoretical model to describe tho 
dynamic behaviour of an embedded footing should take into 
consideration all the above important phenomena. The model 
at the same time should be able to distinguish between the 
behaviour of footing embedded in cohesionless and cohesive 
soil media. 

n.3 'I’lifi PKOPO&U.D THEOR.J.TXCAL. MODEL 
fl,3.l Cleni.ral Remarks 

The pr< ceding discussions indicate that the effect 
of ombodmont of footing results in an increase of the 
eflt'ctivv. damping force due to the skin friction force 
mobilized between the vertical surface of the footing and 
tho surrounding soil. Therefore, a logical choice would 
bo to include a Coulomb friction damper as a lumped parameter 
to the simplified singlo-degreo-of-freedom analogue described 
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Garlior in Section 2,4. This parameter can describe 
complutcly the efft„cts of embedment in an independent 
manner taking into consideration the material properties 
of th>- soil and the geometry of the footing. In the follow- 
ing paragraphs, it is demonstrated that the Coulomb friction 
damper, as an analogue, is as versatile as the dashpot which 
Is chosen to ropr. sent the energy dissipation of a footing, 
vibrating on tho surface of the half-space. 

/issuming that the vortical oscillations of a rigid 
circulir footing embedded in the soil can be approximated 
by the simplified analogue described in Eq. 2.38 ( Section 
2,4,3, Chapter 2 ) with the addition of a Coulomb friction 
damper, F, as shown In Ftgur- 8.1(b), the differential 
equation of motion for such a syst r can be written as 

MX+CX + KX + F = Q(t) ( 8.1) 

in which 'V' is a constant friction force resisting the 
motion o( th< vibrating mass, M. 

The constant friction force has the sign of Vv.-iocity, 
The force always opposes motion and, consequently, changes 
sign at each half cycle. Ther^-fore, a single continuous 
solution cannot bo written to the differential equations 
of bho type described in Eq. 8.1, Each part of the solution 
must foe considered between the l^rgest positive and negative 
displacements of each half cycle. 
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Nev‘2rtheles& / a remarkable stea<^y~state solution 
for maximum di 3 placem'"nt was given by Den Hartog (13) for 
the case of vibrations under a constant sinusoidal fore© 
with constant friction. When the forcing function is 
frequency dependent as given by Eq. 2.19, the exact steady- 
state solution for Eq. 8.1 can be obtaine>d by a procedure 
similar to that adopted by Den Hartog (13) with slight modi- 
fications. T]ic solution procedure which involves lengthy 
trigonometric and exponential functions are briefly presented 
below for the case of a constant sinusoidal force, as solved 
by Den Hartog (l3) as well as for the case of rotating— mass 
type of excitation, as extended in the present investigation, 
'['he final results are presented, for the first time, in a 
form sui tabic ior the purposes of design and analysis. 

8.3.2 Forced Vibrations with Constant Forcing Function 
The differential equation of motion for the lumped 
masn-sprinn system with the combined viscous and Coulomb 
friction damping, excited by a force 0(t) = ' 

as shown in Figure 8.1(b) can be written as 

b X + C X + K X + F = Qo Cos ((^t ty) (8-2) 

where the + F holds when the mass moves in + X direction and 
viceversa, '^fhe phase angle in the forcing function has 
no meaning in a differential equation of the type described 
in Eq. 8.2 and is only included for the purpose c£ 
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subsequently wribing the boundary conditions in a simple 
form. lJuring the. half cycle of motion, 0<t \ TT/^, the 
velocity is always negative, therefore - F holds. Using the 
abb re Vi a t io n s , 

( Qq/K ) = a; ( F/K ) = Xg; ( K/M ) = 00^ 

the differenbial equation for that interval of time can be 
written as 

X + CJ^ ( X - ) + ( C/M ) X ^ a Cos( CaJ t + ) 

(8.4) 


The general solution of Eq, 8.4 is known to be 


X 


« exp( *-0^ b t ) 




+ — Cos((U)t +€) + X. 

q ^ 


(8.5) 


wht're 


H = H 


, the damped natural frequency, 



(3 


-x 2 9 D ^ 

-) + ( ^) 


' ■ p 

function with viscous damping, 


the inverse response 


2 M 

P =’ ' 

Tan( ~ € ) = 


, the viscous damping 

the inverse frequency 
CGO 

K - M CO^ 


factor and 
ratio ; and 


(8 . 6 ) 
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A steady-ctate nonstop unotion has to fulfil the following 

boundary conditions. 

t"0 a = X = 0 

tt- 

t = 3X X = -x^ X = o 
GJ ° 

These are four conditions and the general solution of Sq. 8.2 
contains only two integration constants. The tvjo superfluous 
equations will be used for determining the unknown quantities 


Xq and Cp . 


first anl C 2 are eliminated by means of two conditions 
at t = 0 


X oxp( D t ) 


Cos £ Cos (juL t 

q 


a G 


2 60^ q M 


Co 5 £ 


j ( ' Cos ^ 

+ 2 ( X. - X. ) Sin 0) t 

2 M ° 

Sin . t + Sin e Sin dG t 


+ Cos(a)t +€) + Xf 

Them the two conditions at t = be written in the 

form 

Cos C + A 2 Sin £ + A^ = 0 ( 3,9 

A 4 Cos £ + A 5 Sin £ + Ag = 0 


where 

A- « " S- exp(- ) Cos( TT/CO) 

1 2 M60 

„ ^ ^ . exp( -TTC/2 MU)) Sin(03^TT/0) - a/q 

2 M q 
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/2 MCO) Sin(CJ^TT/L:,) (8.li) 

^3 ” ^ ^ exp(- TTc/2 MQ) Cos(Ov^TT/W) + 

+ ( C/2G0^ M) ( X£ ~ ) exp(-.TTc/2 HD) Sin( Ca>^TT/D) 


= — -exp(-Trc/2 MCO) Sin — 

q ^ 4 M^cA 


4- CO^ ) 


( 8 . 12 ) 

(8.13) 


Ag r= a ^ 


1 + exp( -TTC/2 MC^) CosCGJ^TT/co) 


- ( C /2 MDi^ ) exp( -ITc /2 MCO) Sin(C 4 ,TT/(jo) 


(8.14) 


A, 


CA)aTT 

( Xq - )exp(-TTc/2MD)Sin-~( 


-f— + OX ) 

CO 4 ^ 


'd 


( 8 . 15 ) 


From Eq. B.9, it can be deduced 


sin € = ana Cos £ = . ^6 

A 5 - Ag A 4 Ag - ^2 ^4 

(8.16) 

Cubsti tubing the values just given in Eqs. 8.10 to 8.15 in 
Eq, 8.16, w? g''^t 

Xq ^ 

^ ^ ® ^ ^ <3 ( — ^ ) (8.17) 

0L cL Ol 

where R and S are functions independent of Coulomb damping 
whLch c<an be expanded as 
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R = 


sinh( /B'llp) „ |/"(d^)/(1_d 2) sin^'T^/ l-P^ 

Gosh( p TTD) + cos( pTTj/'TI^^ 


(8,18) 



Sin( / 1 -D^) 

cosh( pjT D ) + cos( p rr |/ i_D^) 

(8 .19) 


Eliminating € ^rom Eq. 8.17, we get 

+/" ( 8 . 20 ) 

Eq. 8.20 is an expression for the amplitude of motion and 
will reduce to Eq. 2.15 in the absence of Coulomb friction, F. 
It may be recalled, Eq. 2.15 defines the dimensionless 
amplitude factor for the case of the mass supported by a 
spring and a dashpot and excited by a constant sinusoidal 
forcing function. The phase angle can be obtained from 
Eqs . 8.16 and 8.6, 


Eq, 8.20 defines the complete solution for the steady- 
state, non-stop motion for the differential equation of 
motion described in Eq. 8.2. The results of Eq. 8.20 are 
plotted above the broken lines in Figures 8. 2 (a) to 8.2 (j) 
for various values of viscous damping factor, D and the 
Coulomb friction factor, 



.Ls interesting to note that if the frictional force 
is large enough, a single cycle of motion may consist of 
regions of motion and regions of standstill. Den Hartog (13) 
extended the solution procedure to cover motions with one 
stop per half cycle to obtain the amplitudes of motion in the 
region below the broken lines of rigur^^s 8.2(a) to 8.2( j) . 
Therefore, it is important to note that Eg. 8.20 gives the 
complete solution for non-stop motion and is valid when the 
following con litions are satisfied. 



and 


( I - R ) 



( ) 


( 8 . 21 ) 


( 8 . 22 ) 

/ ( s2 + l2 ) 

in which 

T r. 2 p D S + ( I + F ) (8.23) 

Eqs . 8,21 and 8.22 are valid for all values of 
and the boundary for non-stop motion as shown by the broken 
lines of Figures 8, 2 (a) to 8.2 (j) is determined using 



Eq. 8.21. 


It may be 
the displacement 


noted that V|/ is the phase angle between 
and the exciting force vector. After a 
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sufficient length of tirne, a steady^ periodic but nonharmonic 
motion of f rcqucncy^ will be established. Since the motion 
is nonharmonic, it is deal' that the phase angle applies only 
to the maxima oE exciting force, and amplitude of displace- 
ment , Xq. This does not mean that the problem is nonlinear. 
According to Cunningham (12), "the problem of a vibrating 
mass with Coulomb or dry friction can be assumed to be linear 
but with an abrupt jump taking place when the velocity changes 
sign. Considered as a single equation, the problem is non- 
linear. However, it may be thought of as two linear equtions. 
Such a problem is said to be linear in segments or piecewise 
linear, The problem can, therefore, be solved by fitting 
togethe^r solutions of strictly linear equations which can be 
found \;ith no difficulty" 


g.3.3 Forced Vibrations with Rotating-Mass-Type Excitation 
The harmonic exciting force caused by an eccentric 
mass has a force amplitude, 0^ - mo© . The steady-state 
solution of Eg. 8.2 with - m^e CO can be written as 

-- F 

7 ) 

(8.24) 


X 


Wq e CO 


~ R( 


P 


m^e U) 



K 


Eq. 8,24 can be rearranged as 
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M X. 


mo e 




~ R ( 



Eq. 8,25 is/ however, not suitable for the presentation of 
solutions In the form of dimensionless quantities as presented 
in Figures 8.2(a) to 8,2(j) for the previous case. This is 
because, a nondimensional friction parameter which does not 
vary with the exciting frequency is still not defined. 

F 

Defining a nondimensional parameter, n- , as 

the friction factor, Eq. 8,25 can be written as 


moe(0 


7 " 

f 

n 


M Xq ^ ^ CO 


mo e 




R 


r' 



Eq, 8,26 is in a convenient form so that the nondimensional 

M Xo 


amplitude factor, 

Co 


ratio, 


On 


can be plotted against the frequency 
for various values of viscous damping factor, D 


mo e 


and Coulomb friction factor. 


F 


The results of Eq. 8 ,26 


are illustrated in Figures 8.3(a) to 8>'3(j). As before, 

Eq, 8.26 gives the complete solution for non-stop motion and 
is valid when the following conditions are satisfied 


M 2 


( I R ) 




On 


) 


(8.27) 



and 


P 




2 ^ '(J, 


(8.28) 




n 


/c 


q'" ( S'^ + ) 


Eqs , 8.27 ancl 8,28 are valid for all values of (^/ . )^0.5 

U) 

and the boundary for non-stop motion as shov/n by the broken 
lines of Figures 8.3(a) to 8.3(j) is determined by Eq, 3.27 _ 


Tha results of Figures 8.2(a) to 8.2 (j) and Figures 
8, 3 (a) to i3.3(j) are replotted in a foinm suitable for ready 
use, for DUp^oses of design and analyses. The nondimensional 

Xq M 

resonant amolitudes of motion, and ^ are plotted 

Qo / K 


jTio e 


against friction factors. 


Q. 


and 




for various viscous 


n 


damping factors, b, in Figures 8.4 and 8.6 respectively. 


Similarly, the nondimensional frequency ratio at resonance, 

v\ F F 

^ are plotted against friction factors, — and 

On ^o mQe(jJ 

for various viscous damning factors, D in Figures 8.5 and 
8.7 respectively. 


It can be seen from Figure 8.6 and Figure 8.7 that 

the resonant amplitudes of motion decreases with the increase 

of the friction factor, — — ^ and the resonant frequency 

'■ mneCO- 

. . '■ ■ 

increases with the friction factor respectively . This trend 
conforms with the observed results of field vibratory tests 
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on embedded footings where rotating-mass-type of vibrators 
were used. Therefore, the proposed theoretical model can 
be used to predict the dynamic response of embedded footings 
provided all the lumped parameters, K, c and F can be pre- 
determined from the properties of the soil and the geometry 
of the foundation. 

As described in Section 2.4.3, the parameters I< and 
C can bo evaluated, if the values of shear modulus, G, 
Poisson's ratio,y(X , mass density, of the soil and mass 
ratio, b of the footing are known. This means, that if the 
total frictional force' mobilized between the sides of the 
footing and the surrounding soil or fill material is known, 
the dynamic response of the embedded footing can be predicted. 
The engineer is then faced with the problem of determining 
the constant frictional force. Fortunately some test data 
are available from which a resonable procedure for evaluating 
the interfacial frictional force between the various types 
of soils and footing surfaces can be established. 

8.4 EVALUATIOW OF THE COHSTAHT FRICTIONAL FORCE 

As previously mentioned, the interfacial friction 
that can be developed along the interface between the sides 
of the footing and the surrounding soil depends, mainly on 
the physical characteristics of the interface between the 
soil and the walls of the foundation beEides the lateral earth 
pressure acting normal to the interface. 
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l^or a footing embedded in cohesionless soil, the 
total amount of constant interfaclal friction that would be 
mobilized during vibrations can be written as 

in which is the coefficient of lateral earth pressure at 
rest, is the bulk density of the soij. in which the footing 
is embedded, H is the deoth of embedment into the soil, |^f 
is the coefficient of kinematic wall friction between the soiJ. 
an :1. the surface of foundation walls and L is the perimeter 
length of tlic- embedded footing. 

Similarly, for a footing embedded in a purely cohesiva 
soil, the total amount of interfacial friction that v^ould be 
mobilized during vibrations can be written as 

~ Cg H L (8.30) 

in which ie the wall adesion between the soil and the 
surfavce of the foundation wall, under dynamic conditions. 

'•(’hus, for a footing embedded in a ' c - p ' soil, the 
total amount of interfacial friction that would be mobilized 
during Vibrations can be written as 

F = ( A Kq ^ H ) L (8.31) 

It may be noted that in Eq. 8.29 and Eq, 8.31 the 
later '1 earth pressure coefficient at rest, has been , 
suggested for the vertical mode of vibrations . However, 



203 


lateral pressure values which are inteimnediate between the 
active and passive cases are entirely possible^ especially 
when the mode of vibrations is not purely vertical. 

The coefficient of kinematic friction/- jiX. f depends on 
the nature of the surfaces of bodies which rub against each 
other. In the case of metal surfaces, a substantial amount 
of published literature on the magnitudes of sliding and 
rolling friction is available. However, in the field of 
foundation engineering where one is confronted v/ith the 
interface of rough concrete surfaces with various types of 
soils, th ;2 coefficient of wall friction is normally taken 
as Tan(^ ^ ) in which ^ is the angle of internal friction 
of the soil. TViis assumption is found satisfactory .for the 
purpose of analysis of static problems. Since the coefficient 
of kinematic friction is always less than the coefficient of 
static friction the magnitude of can be taken as Tan(— 
for the puirpose of analysis of dynamic problems. The value 
of between rough concrete surfaces and most granular and 
' G - ^ ' soils would, thus, fall within a reasonable range 
of 0.15 to 0,2, depending on the angle of internal friction 
of the soil . 

At this stage, the availability of experimental data 
is too scant to stipulate specific numerical values for the ■ 
wall adhesion, under dynamic conditions . However, some 
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data published by Novak (45) v;ho conducted a series of tests 
on footings embedded in loess-loam soil, are analysed in the 
light of the proposed theoretical model to obtain the extent 
of wall adhesion mobilised under dynamic conditions. The 
analysis indicated that in such a ‘ c - ^ ' soil the magni- 
tude of wall adhesion, was of the order of 1 to 2 Yo of 
the actual cohesive strength of the soil. Further experimen- 
tal research on the dynamic behaviour of footings embedded in 
cohesive soils ia desirable to elucidate this observation. 

a. 5 COMPARISON WITH iiXPERIMKNTS 

In order to predict the values of resonant amplitudes 
of motion and the resonant frequencies of an embedded footing 
by means of the proposed theoretical model, described in 
Fq. 8,1 appropriate values of K, D and F should be evaluated. 
It may, however, be noted that one of the assumptions of the 
proposed theoretical model is that no Gha:nge is effected 
either in tho 2 spring constant, K or the damping factor, D as 
a result of embedment of the footing. Therefore, the para- 
meters iC and D .should be evaluated on the basis of the results 
of steady-.state vibration tests on footings which are not 
embedded or on the basis of the in situ dynamic soil proper- 
ties obtained from a seismic investigation of the test site . 

* As previously mentioned in Section 5*2 of Chapter 5, 
the lumped parameters K and D for each of the test bases 
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were evaluated on the basis of the results of steady-state 
vibration tests as well as seismic investigations. The 
results of these investigations are tabulated in Tables 5.1 
and 5.2, For a known damping factor, D and the friction 
factor, decrease in resonant amplitude of 

motion and the increase in resonant frequency of an embedded 
footing can be predicted with the use of Figures 3.6 and 3.7 
respectively. The constant frictional force, F, developed 
by any of the Bases-2, 3 and 4, for a given height of back- 
filled material, H, was calculated as per Eg. 8.29 in which 
the lateral earth pressure at rest, = 0.4j the bulk 

density of the compacted sand fill, , being approximately 

equal to 100 pounds per cubic feet; and the coefficient of 
kinematic friction, = Tan(30/3)° = 0.18. The values 

of F, .so obtained are tabulated in Table 8.1. The analysis 
o.i data reported by Fry (16) was also carried out using 
Eq. 8,29 in which = 0.4; 100 pounds per cubic feet 

and £ =3 0.18. The friction factors, F/Cm^e CO^) for each 
of the bases at corresponding eccentricity moments, m^e and 
natural frequencies, can therefore be evaluated and are 

tabulated in Table 3.1. The predicted values of dimension- 
less amolitude at resonance, (M XQj./mQe) , resonant amolitude 
of motion/ ^or f frequency ratio, (O^Ca^) and resonant 
frequency, CO ^ are tabulated in columns { 3 , 4 , 5 and 6 ) 

of Table 3.1 respectively. The experimentally observed 
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values of dimensionless amplitude at resonance, (M e ) , 

resonant amplitude of motion, Xqj- , frequency ratio, ^ 

and resonant frequency, g^ 3 -e tabulated in columjiS (7, 8, 

9 and lo) of Table 8.1 respectively. 

Sufficient test data are not available for the case 
of cohesive soils to examine the extent of correlation with 
Eqs. 8,30 and 8.31. However, the results of tests on 
embedded footings reported by Novak (45) are analysed in the 
light of the present hypothesis* In this case the reported 
soil parameters are : ^ = 31.5° ■ c = 0.35 kilograms per 
square centimeters; degree of saturation =.. 0.56 to 0.76 ; 
and porosity number = 38.7 to 41.6 % (Therefore ~ 116 
pounds per cubic feet) . Assuming =0.4 ; Tan (3 1.5/3)^ 

a very satisfactory correlation with Eq. 8.31 is established 
if wall adhesion, under dynamic condition is taken as 
about 1 % of the effective cohesion. The results are 
tabulated in Table 8.1. 

The numerical steps involved for one set of 
computations is illustrated in Appendix A as an example. 

Thus, the field test data obtained in the present 
investigation as well as those published by Novak ( 45) and 



I’ry ( 16) are compared with the values predicted by the 
proposed theoretical model and are illustrated in Figures 
8.8(a) through 8.8(h) . The correlation between the available 
experimental data and the predicted values is found to be 
guite satisfactory. 
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Table g.i coN'Parlson between the peiedicted axvd observed 

DYNAMIC RESPONSE OF EMBEDDED FO:.>TIiv.GS . 


Base-2 Evaluation of Frictional Force, F (lbs.) 


Depth of 
Embedment 

H 

in Feet 

Perimeter 

Length 

L 

in Feet 


(From Eq, 8.29) 

F 

in 

Pounds 

0.562 

12.56 

0.281 

14.3 

1 .125 


0.562 

57.2 

j 1,687 


0.843 

128.7 

2.2 50 




1 .125 

228.8 


moe= 0.0194 Ib.-sec^ ; qC = 1*21- ; 0.307 ; 0!)^= 254.5 secT^ 


H/rc, 


Predicted Values 

of 

1 Observed Values of 

F 

!|B 

^or 


CJr 

^^or 

^or 

■in 

(fix 



Itlo® 

in 

inches 

COn 

rads . 
per 


in 

inches 

^n 

rads . 
per 

(1) 

(2) 

(3) 

(4) 

(5) 

sec. 

(6) 

(7) 

(8) 

. 

(9) 

sec . 
(10). 

0 .281 

0.011 

1.70 

0.00230 

1.11 

282 

1 .56 

0.00215 

1 .20 

305 

0.562 

0.046 

1 .63 

0.00220 

1.13 

288 

1 .49 

0,00205 

1.24 

316 

0 ,843 

0.102 

1.55 

0 .002 10 

1 .16 

295 

1 .38 

0,00190 

1 

1.28 

32 5 

1 .125 

0.182, 

1.43 

0.00195 

1.22 

310 

1 .31 

1 

b .00180 

1.37 

' 3 50 

■ 


Contd . . . . . 
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Table 8 . 1 Gontd . . . 


nioe= 0 

,0174 lb. -sec? = 

1,21 

; D = 

0.309 2 54.2 

sec.~^ 

(l) 

(2) 

(3) 

(4) ^ 

(5) 

(6) 

(7) 

(8) 

(9) 

do) 

0 .281 

0.013 

1.70 

0.00210 

1.11 

282 

1 .54 

0.00190 

1 .20 

305 

0 ,562 

0.051 

1.62 

0.00200 

1.13 

288 

1 . 4S 

0 .00180 

1 .24 

316 

i 

0 .843 

0.114 

1.52 

0.00190 

1.17 

298 

1 .36 

0.00170 

1 .28 

325 1 

|l .125 

0 .203 

1.40 

0.00170 

1,24 

315 

1 .30 

0.00160 

1.37 

350 

0 

.0152 l'b.-sec.2 ; OC 

= 1,21 ; D 

= 0.311 ; = 

253 .8 

secT^ 

0.281 

0 .015 

1 .70 

0.00180 

1.11 

282 

1 .55 

0.00167 

1 .24 

316 

lO , 562 

0,059 

1 « 60 

0.00170 

1 .13 

286 

1 .48 

0 .00160 

1 .24 

316 

0.843 

0.132 

1.50 

0.00160 

1 .18 

299 

1 .34 

0 .00145 

1.33 

338 

1 .125 

... 

0.234 

1.37 

0,00150 

1,27 

322 

1 .30 

0 .00140 

1 .44 

367 

moe= 0 

,0131 lb. -sec? ; oC' 

=1 .21 

; D = 

0,310 ; 

253 .9 

secT^ 

0,2,81 

0,017 

1.67 

. 

0.00155 

1 .12 

284 

1.56 

0 .00145 

1.24 

316 

0.562 

0.068 

1 .60 

0,00150 

1.14 

289 

1 .51 

0 ,00140 

1.28 

325 

0 .8 43 

0.153 

1.47 

0.00140 

1 .20 

304 

1 .34 

0 .00125 

1 .33 

338 

1.125 

0.271 

1.33 

, 

0.00120 

. 



1.30 

330 

1 .29 

0 .00120 

1,44 

367 


Contd . . , . , 
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Table 8 . 1 contd . . . 


moe=: 0.0194 lb. -sec? ; <5^ = 1.00 ; D= 0.383 ; ( j 0 ^~ 237.4 sec.-l 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

0 .281 

0.013 

1.37 

0.00228 

1.21 

287 

1,29 

0 .00215 

1 .28 

305 

— 

0.562 

0.053 

1 .33 

0.00220 

1.24 

294 

1.23 

0 .00205 

1 .33 

316 


0.843 

0.118 

1.27 

0.00212 

1.31 

311 

1.14 

0.00190 

1 .37 

325 


1.12 5 

0.210 

1 .20 

0.00199 

1,43 

339 

1.03 

0.00180 

1 .48 

3 50 


11)^6= 0.0174 

lb .-sec? ; 

= 1,00 ; D: 

= 0.335 ; 

236 . 

9 sec . 

— 

0 .281 

0,015 

1 .37 

0.00205 

1.21 

286 

1.27 

0.00190 

1.28 

305 


0 .562 

0,059 

1.32 

0.00198 

1.25 

296 

1.22 

0 ,00182 

1 .33 

316 


0 .843 

0.132 

1.25 

0,00187 

1.33 

315 

1.12 

0,00168 

1 .37 

325 


1 ,125 

0.235 

1,18 

0.00177 

1 .47 

348 

1.07 

0,00160 

1.48 

3 50 


mQe= 0 .0152 

lb ♦-sec? ; qQ 

= 1 .00 ; D 

= 0.3S8 ; (j0^= 

^236. 

3 sec , 


0 ,281 

0,017 

1.37 

0,00179 

1 .21 

286 

1.28 

0.00167 

1.33 

316 


0 .562 

0,067 

1 .32 

0.00172 

1.26 

298 

1.23 

0,00160 

1 .33 

316 


0 ,843 

0.152 

1.2 5 

0.00163 

1 ,35 

319 

1.11 

0,00145 

1.42 

338 


1 .125 

0.270 

1,16 

0,00151 

L__ ^ 

1 .54 

364 

1.07 

0,00140 

1.55 

367 



Contd. . . . . 
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Table 8.1 contd... 


moe= 0.0131 lb. -sec? ; = 1.00 ; D= 0.337 "; C0j^= 236.5 sec.-l 


(2) (3) (4) (5) (6) (7) (3) (9) ( lo) 


} 

0.281 

0 .020 

1.37 

0.00154 

1.21 

286 

1.29 

0.00145 

1 .33 

316 

0 .562 

0.078 

1 .30 


1 .27 

300 

1 .24 

0.00140 

1.33 

325 

0 ,843 

0.175 

1 .22 


1 .38 

326 

1.11 

0.00125 

1 .42 

338 

1.12 5 

0.312 

1.14 


1 .61 

381 

1 .07 

0.00120 

1.55 

3 67 

0.0194 

; By Lysmer's 

Analogue, 

D=: 0.434 ; 246.0 sec 

0,281 

0.012 

1.25 

0 .00208 

1 .28 

315 

1.29 

0.00215 


— 

305 

0.562 

O ,049 

1.23 

0,00204 

1 .32 

324 

1.23 

0.00205 

1 .28 

316 

0 . 843 

0.110 

1.20 

0.00199 

1 .40 

344 

1,14 

0.00190 

1 .32 

325 

1 ,125 

0.19 5 

1.15 

0.00191 

1.55 

331 

1.08 

0.00180 

1 .42 

3 50 

m^es: 0.0174 

; By Lysmer's 

Analogue, 

0= 0.^ 

134 ; 246 

.0 sec 

0.281 

0.014 

1.25 

0.00187 

1 .28 

315 

1.27 

0.00190 

1 .24 

305 

0 .562 

0.055 

1.23 

0.00183 

1 .33 

327 

1 .22 

0.00182 

1 .28 

316 

0 .843 

0.122 


0 .00178 

1 .42 

349 

1 . 12 

0.00168 

1 .32 : 

325 

1 .125 

0,218 


0.00169 

1.59 

391 

1.07 

0 ,00160 

1 . 42 

350 


Contd 
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Table 8.1 Gontd. . . 


niQ®- 0.0152 ; By Lysmer's Analogue/ D= 0.434 ; 246,0 sec.“^ 

II I 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

. (8) 

(9) 

(lo) 

0 .281 

0.016 

1.25 

0.00163 

1.28 

315 

1 .28 

0 .00167 

1 .28 

316 

0 . 562 

0.062 

1.22 

0.00159 

1 .34 

330 

1.23 

0.00160 

1 .28 

316 

0 .843 

0.140 

1.17 

0.00152 

1.45 

356 

1.11 

0.00145 

1.37 

338 

1 .125 

0.249 

1.12 

0.00144 

1 .65 

405 

1 .07 

0.00140 

1.49 

367 

rnQe= 0.0131 

; By Lysmer's 

Analogue, 0= o.'' 

.34 ; 246 

,0 sec." 

0.281 

0.018 

1.25 

0.00140 

1 .29 

317 

1 .29 

0 .00145 

1 .28 

316 

0 .562 

0,072 

1.22 

0.00137 

1.37 

332 

1.24 

0 .00140 

1 .32 

325 

0.843 

0.163 

1.15 

0.00129 

1 .49 

3 66 

1.11 

0.00125 

1.37 

338 

1 .125 

0.290 

1,10 

0.00123 

1 .75 

430 

1.07 

0 .00120 

1 .49 

367 


Base- 

•3 Evaluation 

of Frictional Force/ F ( 

.lbs.) 


Depth of 
Embedment 

H 

in Feet 

Perimeter 

Length 

L 

in Feet 

HAo 

(From Eq. 8.29) 
F 
in 

Pounds 

1.0 

10.66 

0.667 

38.4 

2.0 


1.334 

153.6 

3.0 


2 .OOO 

345 .6 

4 .0 


2.668. 

, : 614.4 ■ 

: ' Contd. . . , . . . - 
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Table 8.1 contd,... 


moe= 0.0194 

lb .-sec? ; 

= 1.09 ; D- 

= 0.173 ; = 

212. 

7 sec . 

( 1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(3) 

(9) 

( lo) 

0.667 

0 .044 

2 .65 

0.00400 

1 .04 

222 

* 

2 .16 

0 .00330 

1 .23 

261 

1.334 

0.175 

2 .25 

0.00340 

1 .07 

228 

1 .90 

0 .00290 

1.32 

282 

2 .000 

0.394 

1.65 

0.00250 

1.18 

251 

1 .60 

0,00245 

1.42 

303 

2 .668 

0.700 

1.22 

0.00190 

1.54 

328 

1.44 

0,00220 

1 .48 

315 

0.0174 

lb .-sec? ; 

= 1.09 ; D 

= O.IC 

U ; Gs)j^= 

212. 

5 sec." 

0.667 

0.049 

2 .63 

0.00360 

1 .04 

222 

2.15 

0.00295 

1 .23 

1 

261 

1 .334 

0.196 

2 .17: 

0.00290 

1.08 

230 

1 .83 

0 ,00250 

1 .32 

282 

2 .000 

0 . 440 

1.57 

0.00220 

1.21 

257 

1.61 

0 .00220 

1 ,42 

303 

2 .668 

0.780 

1.20 

0.00170 

1.67 

355 

1.42 

0 .00195 

1.48 

315 

0 *0152 

lb. -sec? ; pQ 

= 1.09 ; D 

« 0.187 ; 

= 216. 

5 sec.” 

6.667 

0.054 

2 .60 

0,00310 

1.04 

225 

2 .13 

0 ,002 55 

1 .21 ' 

261 

1 .334 

0.215 

2.12 

0.00250 

1 .09 

236 

1.80 

0 .002 15 

1 .32 

287 

2 .000 

0.483 

1,50 

0.00180 

1.25 

271 

1.59 

0.00190 

1.40 

303 

2 .668 

0.860 

1.16 

O 

• 

o 

o 

o 

1.83 

396 

1.42 

0 .00170 

1 .50 

325 


Contd. . . . . 
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Table 8.1 contd... 


moe= 0.0131 lb. -sec. 2 ; = 1 .09 ; D= 0.184 ; 218 

.3 sec 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(a) 

( 9 ) 

( 10 ) 

0.667 

0.061 

1 

2 . 60 

0.00270 

1 .04 

227 

2 .13 

0 .00220 

1.20 

261 

1 .334- 

0.246 

2 .05 

0.00210 

1 .10 

240 

1 .34 

0 .00190 

1.35 

294 

2 .000 

0 . 550 

1.40 

0.00150 

1.32 

288 

1 .60 

0 .00165 

1.39 

303 

2 .668 

0.980 

1.12 

0,00110 

2,05 

447 

1 .45 

0 .00150 

1.50 

325 

>^ 06 = 0.0194 

lb. -sec? ; c»C 

= 1.00 ; D: 

= 0.195 ; 

211. 

3 sec . 

0 .667 

0.045 

2.40 

0.0040 

1.05 

222 

1 .98 

0 .00330 

1 .23 

261 

1 .334 

0.178 

2 .05 

0.00340 

1 .09 

230 

1.74 

0 ,00290 

1,32 

282 

2 .000 

0 . 400 

1.55 

0.00260 

1.21 

256 

1 .47 

0 .00245 

1 .42 

303 

2 ,668 



0.710 

1.20 

0.00200 

1.62 

342 

1.32 

0.00220 

1.47 

315 

mQe« 0.0174 

lb. -sec? ; (yQ 

= 1.00 ; D 

= 0.198 ; 

= 211. 

0 sec. 

0 ,667 

0.050 

2.40 

0.00360 

— 

1 ,05 

222 

1 .98 

0,00295 

1 .23 

261 

1 ,334 

0.198 

2 .00 

0.00300 

1.09 

230 

1 .67 

0.00250 

1.3 2 

282 

2 .000 

0 . 446 

1 .45 

0.00220 

1.25 

264 

1.47 

0.00220 

1.42 

303 

2 . 668 

0.794 

1.15 

0.00170 

1.77 

374 

1 .31 

0.0019 5 

1,47 

315 


Contd , 
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Table 8.1 contd . . , 


-1 


-1 


Contd . . , , . 


^'o®- 0.0152 lb .-sec. 2 . ^ ,qq . d= o.2o5 ; 214.8 sec. 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

do) 

0.667 

0.055 

2.40 


1,05 

226 

1 .95 

O .00255 

1.23 

261 

1 .334 

0.220 

1.95 


1 .10 

236 

1 .65 

0.00215 

1,34 

2 87 

2 .000 

0.493 

1 .40 


1 .30 

279 

1.46 


1.42 

303 

2 .668 


1.15 


11 .95 

418 

1 .30 


1.52 

, 325 

m^es: c 

).0131 lb, -sec = 1. 

00 ; D= 0.201 ; 216 

1.7 sec 

0.667 

0.062 

1 

2.35 

0.00260 

m 

228 

1.96 

0.00220 

1.23 

261 

1 .334 

0.250 

1 .90 

0.00210 


243 

1.69 

0,00190 

1.37 

294 


0 .562 

1 .30 

0,00150 

1.39 

302 

1.47 

0.00165 

1.42 

303 

2 .663 

0.999 

j 

1.16 

0.00120 

2.17 

470 

! 

1 ,33 

0 ,00150 

1 .52- 

325 

nioe=: 0.0194 

; By Lysmer's 

Analogue^ 0= 0.232 ; 213 

.0 sec 

0.667 

0 ,044 

1,75 

0.00290 

1 . 10 

234 

. 

1 .93 

0.00330 

1.23 

261 

1 .334 


1.52 

0.00252 

1.18 

1 

2 51 

1.74 

0.00290 

1.33 

282 

2 .000 

0 . 400 

1.25 

0 .00208 

1.41 

300 

1 ,47 

0.00245 j 

1.42 

303 

2 .668 


1.11 

0.00184 

1.95 

415 

1.32 

0.00220 

1 .48 

315 
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Table 8,1 contd... 


mo®= 0,0174 , 

? By Lysiner ' s 

Analogue, 0= 0.282 ; 213 

.0 sec 

U) 

(2) 

(3) 

(4) 

" ("sy 

(6) 

(7) 

(8) 

(9) 

(10) 

0,667 

0.048 

1.74 

0.00260 

1 .10 

234 

1 .98 

0 .00295 

■1.23 

261 

1 ,334 

0.195 

1.50 

0.00224 

1.19 

254 

1 .67 

0 .002 50 

1 .33 

282 

2 .000 

0,43 7 

1.23 

0.00184 

1.45 

309 

1.47 

0 .00220 

1.42 

303 

2 .668 

0 .780 

1 .09 

0.00163 

2 .10 

447 

1.31 

0 .00195 

1 .48 

315 

mQe= ( 

).0152 

; By Lysmer's 

Analogue, 0= 0.282 ; 213 

.0 sec 

0.667 

0.056 

1 .74 

0.00226 

; 1.11 

23 6 

1.95 

0.00255 

1,23 

261 

1.334 

0,223 

1.46 

0.00191 

1.21 

258 

1.65 

0.00215 

1 ,35 

287 

2 .000 

0.500 

1.19 

0.00155 

1.56 

332 

1.46 

0 .00190 

1 .42 

303 

2 .668 

0.890 

1 

1 .06 

0.00138 

2 .33 

496 

1 .30 

0.00170 

1.52 

32 5 

0.0131 

; By Lysmer's 

.Analogue, l 

D= 0.2S2 ; 213 

.0 sec 

0.667 

0 ,065 

1.72 

0.00193 

1.11 

236 

1 .96 

0 .00220 , 

1 

1 .23 

261... 

1 .33 4 

0.258 

1 .42 

0.00160 

1.24 

264 

1.69 

0 ,00190 ^ 

1.38 

294 

2 ,000 

0.580 

1.15 

0.00129 

1.70 

362 

1.47 ' 

0 .00165 

1 .42 

303 

2 .668 

1.030 

1.05 

0.00118 

2 .56 

545 

1.33 

0.00150 

1.52 

325 


Contd ...... 
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Table 8.1 contd... 


Base-4 Evaluation of Frictional Force, F (lbs.) 


Depth of 1 

Embedment 

H 

in Feet 

Perimeter 

Length 

L 

in Feet 


(From Eq. 3.29) 

F 

in 

Pounds 

0.562 

14.16 

0.281 

16.2 

1.125 


• 0.562 

64 . 8 

1 .637 


0.843 

145.8 

2 .2 50 


1.125 

2 59 . 2 


’^0®=' 0,0194 lb. -sec .2 . qQ = 1.21 . D= 0.323 ; 251.4 sec,' 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(3) 

(9) 

( 10 ) 

0 .281 

0.013 

1.60 

0.00220 

1.13 

284 

1 .42 

0,00195 

1.21 

305 

0 .562 

0.053 ' 

1.55 

0.00210 

1.15 

289 

1 .34 

0,00185 

1.25 

316 

0.843 

0.120 

1.45 

0.00200 

1 .20 

302 

1 .27 

0.00176 

1,29 

325 

1,125 

0.210 

1.35 

0,00185 

1.28 

322 

1 .24 

0.00170 

1.39 

3 50 

0.0174 

lb. -sec. ^ ;q(;^ 

= 1.21 ; D 

= 0.33 6 ; 

: 243. 

7 sec 

0,281 

0.015 

1.56 

0.00190 

1 .14 

' 

284 

1 .38 

0.00170 

1 .2 2 

305 

0 .562 

0.060 

1 .50 

0.00185 

1.18 

293 

1 .3 4 

0.00165 

1.27 

316 

0 .843 

0.135 

1.40 

0.00170 

1.23 

306 

1 .28 

0.00157 

1.31 

325 

1.125 

0.240 

1 .30 

0.00160 

1.34 

333 

i .22 

0,00150 

1.41 

h- z 

350 


Contd , . 


-1 


1 
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Table 8.1 contd. 


nio® 0.0152 ; lb. -sec, 2 ^ 3^^21 ; D= 0,337 ; ^^^=248. 5 


0.017 

1.55 

0.00165 

0.069 

1.50 

0.00160 

0.155 j 

1.38 

0.00150 

0.276 ' 

1,25 

0.0013 5 


0*0131 lb^-sec*2 . 


(7) (3) (9) 

(lO) 

1 .39 

0 .00150 

1.27 

316 

1.32 

0 .00142 

1.31 

325 

1 .27 

0.00137 

1 .36 

338 

1.21, 

0 .00130 

1.48 

367 


0.341 


247.6 sec 


^ 0 ®= 0.0194 lb, -sec. ;OC = 1.00 ; D=: 0.404 ; 231.8 





0.016 

1.30 

0.00216 

0.062 

1.25 

0 .00208 

0.140 

1.20 

0 .00200 

0.250 

1 .14 

0.00190 


1 

1.25 

289 

Il.l7 

1 

0 .0019 5 

1.31 

305 

1.31 

303 

I’.ll 

0.00185 

1.36 

316 

1.41 

327 

1.05 

0 .00175 

1.40 

32 5 

1 ,60 

370 

1\02 

0 .00170 

1.51 

350 


Contd 
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Table 8 . 1 contd . . . . 


0.0174 lb. -sec. 2 ; oC = 1.00 ; D= 0.''22 ; ^x\~ 226.6 sec-1- 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(3) 

(9) 

( 10) 


0.281 

0.018 

1 .30 

0.00194 

1.26 

286 

1.14 

0 .00170 

1.34 

305 


0 .562 

0.072 

1,25 

0.00187 

1.32 

299 

1.11 

0 .00165 

1.39 

316 


0.843 

0 . 162 

1.17 

0.00175 

1.44 

326 

1 .06 

0.00157 

1.43 

325 


1 .125 

0.290 

1.12 

0.00167 

1.69 

383 

1 .01 

0.00150 

1.54 

350 



).0152 

lb. -sec. 2 ; 1 , 

00 ; 1 

3= 0.424 ; 226 

.3 sec 

• 

0 .281 

0 .021 

1.29 

0,00168 

1.26 

285 

1.15 

0.00150 

1 .39 

316 


0 .562 

0,083 

1 .23 

0,00160 

1 ,33 

301 

1 .09 

0,00142 

1.44 

325 


0.843 

0.187 1 

1.15 

0.00150 

1.49 

337 

1 .05 

0.00137 

1.49 

338 


1.12 5 

0.330 

i 

1 

1.10 

|0. 00143 

1.73 

403 

1 .00 

0 .00130 

1.62 

367 


moe= ( 

D,0131 

lb. -sec. 2 ;oC== 1*00 ; D 

- 0,430 7 ^ = 

= 225. ( 

D sec. 


0.201 

0.024 

1 .28 

0.00144 

1.26 

284 

1.16 

0.00130 

1.40 

316 


0 .562 

0,09 4 

1,2 2 

0.00138 

1.35 

304 

1.11 

0 .0012 5 

1.45 

32 5 


0.843 

0.214 1 

1.15 

0,00129 

1.53 

344 

1 .07 

0.00120 

1.50 

338 


1.125 

0.300 

1 .08 

0.00121 

1.90 

42 7 

1 .02 

0,00115 

1.64 : 

367 



Contd, . , . . . . . 
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^o®- 0.0194 ; By Lysmer's Analogue, 0= 0.434 ; 246. 


O sec 



(5) 

(6) 

( 7)' 

1 .28 

i 314 

1.17 

1 .33 

327 

1 .11 

1 .43 

3 52 

1.05 

1 .60 

393 

1 .02 


(3) (9) do) 



'HqS- 0.0174 ; By Lysmer's Analogue, D= 0,434 ; 246.0 sec 


0.015 

1.26 

0.062 

1.23 

0.139 

1.17 

0.247 

1.12 




0,0152 ; By Lysmer's Analogue, D= 0.43 4 ; 246.0 sec 


0.282 



1 

0.00163 

1.29 

0.00159 

1.35 

0.00151 

1.48 

0.00144 

1.72 



0.00150, 

1.28 

316 ; 

0.00142 

1.32 

32 5 

0.00137 

1.37 

338 

0.00130 

1 1.49 

367 


Contd . , . ♦ , . . , 
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Table 8.1 contd.... 


nioe= 1.106 lb. -sec. 2 ; ^ ^ £.23 ; D= 0.330 ; "0J^= 83.5 sec.-l 


( l) 

(2) 

(3) 

(4) 

(s') 

(6) 

(7) 

(“a) 

(9) 

(10) 

0.00 

0.00 

- 




1.60 

0.0178 

1 .13 

94.3 

0.57 

0.047 

1.54 

0.0170 

1.16 

96.8 

1.35 

0.0150 

1 .20 

100.5 

moe = 

0.735 11 

).-sec.2 . = 1^23 ; V- 

0.330 ; (jO : 

n 

= 83.E 

sec.“^ 

0.00 

0.00 






1.61 

0.0120 

1.13 

94.3 

0.57 

\ 

0.070 

1.50 

0.0110 

1.17 

97.7 

1.34 

0 .0100 

1 .24 

103 ,6 

moe= 

0.36B lb, -sec. 2 . q(£ = 1.23 ; D= 

0.330 ; Ca)^: 

= 88.5 sec."^ 

0 ,00 

0.00 

- 

- 

- 

— 

1 .60 

0,0062 

1.13 

100.5 

0.57 

0.125 

1.43 

0.0056 

1 .21 

107,0 

1,44 

0.0056 

1.20 

106 ,8 

moe* 

1. 468 lb. -sec. 2 * qC= 1.00 ; D= 

0.420 ; 

= 76.0 sec.~^ 

0.00 


- . 



— 

_ 

1.29 

0 .0235 

1.24 

94.3 

0.57 

0.042 5 

' 

1.27 

0.0230 

1.29 

98.0 

1.15 

0 .0210 

1.32 

loo . 5 ; 


1.106 lb. -sec. 2- . q(£ = 1.00 ; D= 

0.420 ; CO^: 

= 76 .0 sec 

0 .00 

0 .00 

- 

- 


- 

1 ,30 

0 .0178 

1.24 

94.3 

0.57 

0 .0565 

1.26 

0 .0170 

1 .30 

98.8 

1.10 

0.0150 




Contd . . . > ; 
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102.0 11.09 10.0100 11.37 1103 .6 


mQe= 0.3 68 lb. -sec . = 1.00 ; D= 0,420 ; 81 ‘O sec 


0 - - _ _ . 1.30 0.0062 1,24 

48 1.19 0.0057 1.42 115.0 1.17 0.0056 1.32 


Data After Npvak (1970) ; Evaluation of Frictional Force, F (lbs.) 


Vibrator 

in 

Pounds 



5500 


3.28 

by 

3.28 


1.094 
2 .187 


Perimeter 

Vro 

F 

Length 

in 

Li 

in Feet 


Pounds 

13 .124 

0.591 

164.0 


1.182 

466.0 


moe= 0.0259 lb, -sec. 2 ; 1.15 ; D=. o.l63 


208,8 sec 


0.00 

0,00 

0.591 

0,145 

1.182 

0.412 


1.05 219 2,36 0.00374 1.32 276 
1,15 240 1.36 0.00216 1.70 355 


fnoe= 0 . 02 59 lb. -sec. ^ r qT = 1 >00 


0.00 

■ 


- 

- 

0.147 

2.25 

0.00410 

1.07 

222 

0,420 

1.56 

0.00284 

1,20 

248 
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CHAPTER 9 

CONCLUDING DISCUSSIONS WITH RECOMMENDATIONS 

9 . 1 general 

The investigation reported in this dissertation, 
was undertaken to examine some of the serious departures 
encountered in the field from the theories which are in 
vogue to describe the dynamic response rf a vibrating 
foundation. The main deviations from the theory which are 
obscsrved in practice can be listed as; 

1) the effects due to the embedment of the footing; 

2) the effects of surcharge around the footing; 

3) the effects of base size and shape of the footing 

4) the effects of variation of soil properties; 

5) the effects of extremely moist conditions of 

soil? e 

6) the effects of soil under large dynamic force 
levels ; etc . 

The effects of the above listed parameters on the 
dynamic response of a footing, subjected to steady-state 
vertical vibrations were studied by means of field vibratory 
tests on six concrete footings of different shapes and sizes, 
constructed at several locations to provide a variety of 
soil donditions below the basest The steady-state test data 
were supplemented by a th(^ rough seismic investigation of the 
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tfe-st site, both area-wise and depth-wise, by means of surface 

refraction surveying and cross-hole investigations . It is 
hoped that the seismic investigation of the test area 
enhanced the value of the steady— state vibratory test data, 
providing scope for interpretation of the test results in 
the right perspective . 

9,2 THE EFFECT OF EMBEDMENT 

It is recognised that the single-degree~of-f reedom 
system of lumped parameters is a grossly simplified represen- 
tation of the footing vibrating on a soil continuum, but such 
a system can be employed with ease and sufficient accuracy 
to predict as well as analyse the responses. For instance/ 
it was shown in Chapter 8 that the dynamic response of an 
embedded footing could be represented mathematically by a 
single-degroe-of-freedom lumped mass-spring system with 
combined viscous and Coulomb friction damping where the 
values of these parameters could be determined from the 
dimensions and properties of the foundation/- the elastic 
medium below the base of the footing and the material 
surrounling the sides of the footing. Even though this 
mathematical representation is a gross simplification of the 
real system/ the ability of the model to provide a satis- 
factory dynamic analysis cannot be doubted. 
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The effect of embedment on the steady-state response 
of a footing subjected to vertical vibrations was discussed 
in Chapter 6 with the help of data obtained from a programme 
of field vibratory tests on concrete footings. The results 
of these tests indicated a decrease of maximum amplitudes of 
motion and an increase of resonant frequencies as a conse- 
quence of embedment of footings into the soil . The test 
results, however, did not agree with the observations of 
Chae ( 10) who reported that the amplitude reduction factor 
when plotted against embedm^^nt factor, was essentially 
independent of the mass ratio, b, of the footing. This can 
be explained by the previously mentioned fact that the 
foundration response greatly depends on the depth of embedment, 
the area of side contact, the density of the surrounding soil 
and the physical characteristics of the interface between 
foundation walls and the surrounding soil. This implies 
that the response of an embedded foundation^ for a given 
embedment factor and mass ratio, can vary depending on the 
area of contact of the backfilled soil with the foundation 
walls. Therefore, footings with circular, square and 
rectangular base shapes, but with same base area, may show 
different responses for the same height of embedment, under 
identical circumstances. Also, the area of contact of the 
backfilled soil with the fbundation sides is affected by / 
suitable changes in the mass ratio for a given embedment 
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factor. In such a case;, the amplitude reduction factor 
cannot be independent of mass ratiO;. even if plotted against 
embedment factor. The observed dynamic response of embedded 
footings of different mass ratios^ as illustrated in Figure 
6.16 of Chapter 6, confirms this fact. 

The present investigation dealt exclusively with 
the steady-state vertical vibrations , The effect of embed- 
ment for horizontal and rocking t'/pes of motion may be much 
more pronounced than th-at for vertical or torsional modes. 
The simple extension of the proposed lumoed parameter model 
described in Chapter 8/ to analyse or predict the dynamic 
response of embedded footings under torsional mode should 
be possible provided appropriate changes are made for the 
rotational motion . The application of the proposed lumped 
parameter model to rocking and horizontal modes is possible 
only if an acceptable procedure to determine the frictional 
moments or forces mobilized along the interface is evolved 
on tho basis of experimental observations. It should, 
however, be noted that further field tests are needed to 
establish the influence of embedment, particularly for the 
rocking mode. 

The proposed theoretical model, described in Chapter 
can also be used for analysing the dynamic response of 
embedded footings under transient excitation by means of 
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Well known techniques such as the phase-plane analysis (55) . 

9.3 THE EFFECT OF SURCHARGE 

The effect of this parameter on the dynamic response 
of a footing has been reported, perhaos, for the first time 
by means of field experiments as described in Chapter 7. 

It is rather intriguing that the effect of surcharge hvas 
not been studied as an independent parameter in any of the 
experimental investigations reported so far. 

The existence of the so called 'optimum surcharge 
Value ' , reported in Chapter 7, calls for further experimental 
research effort. The results qualitatively indicate that 
by manipulating the amount of surcharge around a footing, 
it is possible to bring down the amplitudes of motion at 
rcJsonance. The observed phenomenon is significant and may 
lead to new possibilities in the area of corrective measures 
which are applied to improve the performance of machines or 
other structures whose foundations had been designed by the 
rule of thurrib or without adequate field investigations. 

The existence of the so called 'optimum surcharge 
Value' and the ‘critical surcharge values’ observed during 
the surcharge tests, ware explained with the concepts of 
changing confining pressure and the effective mass associate 
with the vlbrrating system. These arguments are, however. 



intutive and it may be possible to come up with different 
reasons for explaining the same phenomenon. 
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9 ,4 TME effect of BASE SIZE AND SHAPE 

Ihe effect of base size on the dynamic response of 
foundation-soil systems has been studied exhaustively by a 
nui-doer of other investigators (16, 45) besides the present 
one reported in this dissertation- The trend of the results 
reported in Section 5.5 of Chapters, in general, confiirms 
the findings of similar investigations reported elsewhere 
(16, 45) . 

It may be recalled that the mass of the footings in 
the present investigation was same for each of the bases. 

However, the base size and shape were different for different 
footings. The observed dynamic response of the footings, 
for a particular eccentricity moment of the vibrator, as 
illustrated in Figure 5.3 to 5.6, indicates that an increase 
in the base area of the footing results in the decrease of 
resonant amplitudes and increase of resonant frequencies. 
Though t’nis trend conforms with the results of the elastic 
half-space the^ory qualitatively, the agreement with respect 
to quantities is not satisfactory. The disagreement becomes 
more and more pronounced as the base area gets larger and 
larger , This particular field behaviour has been confirmed 
by a review of experimental works by Novak (45) , Richart, 



Hall and .'ioods (55) have reviewed the field investigations 
conducted by the U.s* Army Engineers Waterways Experiment 
Station (l6) in which they have summarized the results of 
the entire test programme of vertical vibrations of the 
model footings, totalling about 94 tests. They observed 
that the overall agreement between the results of field tests 
and the theory was within a factor of 2 ( + 100 %) , which is 
considered good for dynamic problems. The reason for such 
'liscrepjvncies has been attributed to local failures and 
compaction of the supporting soil during some parts of the 
test programme. The deviation of test results from the 
theory can also be attributed to the changes in the soil 
properties with depth. Since the elastic moduli of even 
relatively deep layers of homogeneous soils increase with 
depth as a result of confining pressure, the actual soil 
media behaving as a layered system, whose properties vary 
progressively with depth, cannot be ruled out. Such a situ- 
ation hardly justifies the assumption of the theory that 
the soil can bo represented by an isotropic, homogeneous 
and elastic half-space. 

It is, however, heartening to note that circular 
and equivalent square footings of same base area, show more 
or less the same dynamic response under identical situations . 
More field tests with rectangular and other shapes of footings 
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energy at different boundaries inside the soil media is too 
complicated to explain the involved phenomenon at the present 
state of the art. It can, however, safely be concluded that 
it is advantageous to locate the base of a machine foundation 
on top of the hardest layer of soil possible, if the same 
exists within a reasonable ddpth below the ground surface, 
iurther field investigations in this direction or case 
histories to prove this point may be significant for the 
development of the profession. 

9 . 6 THE EFFECT OF MOISTURE IN SOILS 

The study of the effect of extreme wet conditions 
of the soil on the dynamic behaviour of foundation-soil 
.systems has not received much attention, especially under 
field conditions. A typical set of data obtained for Base— 1, 
under wet conditions, demonstrated the effect of near 
saturation of the soil upto a depth of 1.5 to 2 feet below 
the level of the base, on both the resonant frequencies and : 

resonant amplitudes. The resonant frequencies were observed 
to be less than those observed for tests during dry conditions. ;• 

Also the inaximum amplitudes of motion at resonance registered ' 

a slight increase. This implied a decrease in the effective 

■ ' ' f 

stiffness of the system which, according to the elastic half- 

space theory, is directly proportional to the shear modulus 

of the soil . However, Biot's theory indicates that pdre ! 



271 


fluids cannot transmit shear waves. Therefore/ the only 
influences of the pore v/ater on the propogatlon of shear 
waves in the soil structure are through the changes in the 
unit weight of the soil and inertia forces. This reasoning/ 
however, does not fully explain the softening character of 
the system which in other words should amount to a decrease 
in the shear modulus of the soil. Further field investiga- 
tions under saturated conditions of the soil are very 
desirable to investigate the implications of Biot's theory. 

The study is important by itself as the design of a machine 
foundation should take into consideration the fluctuation of | 

the ground water table which may be seasonal or irregular as i 

that due to a flood or tide. 

9.7 THE EPliECT OP SOIL UNDER LARGE DYNAMIC FORCE LEVELS 

It was observed from the results of tests described ! 

i 

in Section 5.3 of Chapter 5, that the foundation-soil system j 

i 

appeared to behave as though it were a softening system with 

i 

increasing dynamic force levels. Several investigators | 

I 

( 1, 18, 39 r 46/ 58) have come forward with various theore- | 

■ . \ 

tical models by suggesting different types of nonlinear | 

resistance functions and nonlinear damping functions. These I 

methods may not be of much help unless standard field or : I 

laboratory procedures are established to identify the type : I 

of nonlinearity involved in various binds of soils. Much | 

research effort is needed in this direction. 1 



CHAPTER 10 

summary and conclusions 
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Ibe deviation of the observed results from the 
elastic half-space method as a result of certain departures 
from the idealized assumptions of the simple theory was 
studied with the help of data obtained from a comprehensive 
programne of field vibratory tests on concrete footings in 
conjunction with a thorough seismic investigation of the 
test site. 

The steady-state vertical vibration tests revealed 
the following observations: 

1) The foundation-soil system appeared to behave 

as though it were a softening nonlinear system with increas- 
ing dynamic force levels. 

2) Tests conducted during extremely wet conditions 
registered a corresponding decrease of resonant frequencies 
and a slight increase of resonant amplitudes. This showed 
that the effective stiffness of the silty clay soil at the 
toast site had decreased due to the presence of excessive 
moisture, 

3) Mass of the. footing remaining same, an increase 
in the base area resulted in the decrease of resonant 
amplitudes and an increase of, resonant frequencies. Though 
this tjrend conformed with the results of the half-space 



273 


theory qualitatively, there was some disagreement in 
quantitative aspects » 

4) Circular and equivalent square footings of same 
base area/ in general, shovjed the same dynamic response 
when the soil conditions below the footings remained same. 

5) The dynamic response of a footing constructed 
on top of a relatively hard layer of silty clay \jith kanKar 
or limestone nodules showed relatively lower amplitudes of 
motion at resonance and appreciably higher resonant 
frequencies, indicating a relatively greater stiffness of 
the soil below the footing. 

6) The surcharge studies indicated the presence 

of a 30 called ’optimum surcharge value' , the ’knowledge of 
which can be utilized to bring down the amplitudes of motion 
of a footing by a manipulation of the amount of surcharge 
around the footing. 

'i'he effect of embedment was studied by backfilling 
of wGllgraded sand into excavated pits. The steady-state 
vertical vibration tests, in general, indicated a decrease 
of maximum amplitudes of motion and an increase of resonant 
f regi-iencies as a consequence of embedment of footing into 
the soil . 

A slngle-degree-of— freedom mass— spring— dashpot 

analogue with the inclusion of a Coulomb friction damper 
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has been suggested to explain the dynamic behaviour of 
embedded foundations. A simple procedure by which the 
constant frictional force of the Coulomb friction damper 
can be evaluated, has been described. The suggested 
procedure can bake into consideration the depth of embedment, 
the area of side contact, the density of the surrounding soil 
and the physical characteristics of the interface between 
foundation walls and the surrounding soil. 

The field test data obtained from the present 
investigation as well as those published by other investiga- 
tors elsewhere are compared with the values predicted by 
the proposed theoretical model. The correlation between 
the available experimental data and the predicted values is 
quite satisfactory. The theoretical results, presented in 
dimensionless foxTin, can be readily used for purposes of 
design and analyses. 
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APPENDIX A 

A TYPICAL SET OF NUMERICAL COMPUTATIONS 
1 Prediction of the Dynamic Response of Base— 3 by Lysmer's 
Analogue , 

Data 


ro = Equivalent radius of the base = 1.5 ft. 

W = Weight of the footing + vibrator = 4500 lbs . 

2 

m^e = Eccentricity moment of the vibrator = 0.019 4 lbs. -sec. 

= Unit weight of the soil at the test site = 110 Ibs./ft^ 
<3 = Dynamic shear modulus of the soil ® 5500 Ibs./sq. in. 

jLX = Poisson's ratio of the soil =0,25 
Computations 

b vi / ) sa Mass ratio =» 12.1 


D 


D 


K 


( l-jU.) ~ Lysmer's modified mass ratio = 2,27 
=s ~ Damping factor = 0,282 

a — = Static spring constant = 528,000 lbs. /in, 

i-jiX 


M 


W 

g 


= Mass of the footing - vibrator system 

=s 11,65 lbs ./in ./sec^ 

= /Ji- = Natural circular frequency = 213 rads ./sec. 

V M 

(jt) 5 B „ — — — = Resonant circular frequency = 232 rads. /sec. 


1-2D' 
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= Nondimensional resonant amplitude of 
motion = 1.848 
^or = Resonant amplitude of motion = 0.00308 in. 

2 Evaluation of K and D (Base-3) by means of Frequency- 
bisplacement Curves, Illustrated in Figure 5.5. 

Data 



W = Weight of footing and vibrator = 4500 lbs. 

2 

mQe = JSccentricity moment of the vibrator =? 0.0194 lbs. -sec. 
Xqj- = Resonant amplitude of displacement = 0.00435 in. 

4 

6Jj~ = Resonant circular frequency = 220 rads. /sec. 
■Computations 

a) For a rotating mass type vibrator, the amplitude of 
motion at resonance is defii d by 



( see Eq. 2 .22) 


2 

In the present case, M = W/g = 11.65 lbs ./in ./sec. * 
^or = 0.00435 in. ; and m^e = 0.0194 lbs. -sec. 


By substituting in Eq. 2.22 , we get 


2.614 — — 

2D^ iId2 ^ 

Solving for D , we get 
D ss 0.195 ; ^ 

For a rotating mass type vibrator, the resonant frequency 
occurs at a frequency ratio 
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Ov) ^ 1 

..„i_ = (see Eq. 2.21) 

^ /~1~2d2 

Substituting the value of D = 0.195 and ^ = 220 rads. /sec, 
in Eq, 2.21 , we get 

^n ~ 211,3 rads ./sec. 

Therefore, K « (211.3)^ x 11.65 = 520,007 lbs. /in. 
b) The above computations can be carried out by assuming 
a suitable coefficient of mass increase, oC to account for 


the amount of in-phase mass of soil associated with the 
vibrations of the footing. As described earlier, a suitable 
coefficient of apparent mass increase, c?C y as given by 
Funston (17) was assumed in the present study. In the 
present case oC = 1 .09 

The amplitude of motion at resonance is, now , 
defined as 


MX 


or 


2 .85 


moe 


2Vj l-D'" 

Solving for D, we get 
D * 0.178 

Substituting the value of D = 0.178 and CO^ =220 rads. /sec. 
in Eq, 2.21 , we get 


CO 


K 


o 212.7 rads ./sec. 


” JoCm 

Therefore/ K == (212.7)^ x 1.09 x 11,65 « 574,529 lbs. /in. 
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3 Prediction of the Dynamic Response of an 

^ ^hibedded Footing 

(Base-3) by the Proposed Theoretical Mode^L 
a) Evaluation of Constant Frictional FobQ^ p 
Data 


L =5 Perimeter length of the footing = lo ^ 
H = Depth of embedment = 2 .0 ft . 


= Coefficient of lateral earth pressur 


® at rest =0.4 


- Unit weight of the backfilled sand =!; /ft^ 

|i.£ = Coefficient of kinematic wall frictiQ^ - 0 18 
Computations 

The total amount Qf frictional force mobi-i . 

•^ized during 


vibrations in the vertical mode can be 


en as 


P =3 Lq pij 


(see Eq. 8 


0.5 X 0.4 X 100 X 4 X 0.18 x 10,66 


= 153.6 lbs , 

b) Prediction of the Dynamic Response. 

Data 

m^e = Eccentricity moment of the vibrato^ ^ * 2 

•= 0,0194 ibs.-sec. 

M = W/g = 11.65 Ibs./in./sec^ 
qC - Coefficient of apparent mass incre^g^ ^ ^ 

D = Damping factor = 0.178 

- natural frequency = 212.7 
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Computations 


•The amplitude of motion of the embedded footing at 
resonance and the resonant frequency of the vibrating 
system can be found out directly by using the graphically 
presented solutions, illustrated in Figures 8.6 and 8,7 
respectively. The friction factor, F/(mQeCJ^) is the 
main parameter which is to be computed in order to 
calculate the amplitude of motion at resonance and the 
resonant frequency using Figures 8.6 and 8.7. 


Thus, 


P 


153.6 


“^o^^n 0.0194 X (212.7) 


= 0.175 


The graphical relation of (MXor)/ Vs F/{m^eC 0 ^) 

for the given damping factor, D =>. 0.178 , can be found 


either by interpolating between the curves established 
for D =0.15 and D = 0.2o , as illustrated in Figures 
8.6 and 8.7 , or directly by means of the closed form 
solution described in Eq. 8,26. The latter approach 
would, however, require the services of a digital computer 
in order to locate the resonant amplitudes of motion and 
the resonant frequency quickly. 

Thus, for a friction factor, F/Cm^eCO^ ) = 0.175 and 
D s= 0.178 , the nondimensional amplitude factor at 
resonance, (MX^p/ (m^e) is found to be 2.25 and the 
frequency ratio at resonance, is found to be 1.07, 
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It may be noted that the total mass of the vibrating 
system, in the present case =0 Cm. 

Therefore, (oCMXqj. ) /(moe) = 2.25 , 
and hence = o,oo34- in. 

Also, =1,07. 

Therefore, = 223 rads ./sec. 
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APPENDIX B 

LIST OF EQUIPMENTS AND THEIR UPACTURERS 

1, Mechanical Vibrator 

Commercial Name; LA-l Oscillator. 

Capacity: + 1600 Lb., @ 1800 R,P,M, 

Maximum Speed: 3600 R.P.M. 

Manufacturer; Wiedemann Division, The Warner and 

Swasey Company. U.s.a. 

2 , Variable Speed Motor 

Commercial Name; U.S. Varidrive Motor. 

Capacity; 3 H.P., 3 Phase., 50 Cycles., 400 V., 

Minimum R.P.M. = 375., Maximum 
R.P.M. = 3750. 

Manufacturer; U.S. Electrical Motors Division, 

Emerson Electric Co., Old Gate Lane., 
Milford, Conn. 06460 , U.S.A. 

3 , Transducers 

a) Velocity Type 

Commercial Name: MB Vibration Pickup, Types: lOO , 

124 , 125 , 126 , and 127. 

Natural Frequency: 4.75 C.P.S. 

Manufacturer: MB Electronix, A Division of Textron 

Electronics, Inc,, P.O. Box 1825 , 
New Haven 8 , Conn., U.S.A. 

b) Acceleration Type 

Commercial Name: Piezoelectric, Accelerovneter-.Type 

Pickups, Type 1560r.P52, 

Range for Flat 

Frequency Response; 2-20000 C.P.S. 
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Manufacturer: General Radio Company, West Concord, 

Massachusetts, U.S.A. 

4 . Oscilloscope 

Commercial Name: Type 564 Storage Oscilloscope. 

Special Features: Two Separate Storage Screens, can be 

Operated in a Variety of Modes 
Including Differential, Multi-trace, 
VJide-band, Sampling and Delayed Sweep; 
Convenient for Detailed Viewing and 
Photography . 

Manufacturer: Tektronix, Inc., S.W. ^iillikan Way,, 

P.O. Box 500., Beaverton,, Oregon., 

U.S.A. 

5 , Vibration Meters 

a) Commercial Name: MB Vibration Meter, Model M6. 

Manufacturer: MB Electronics, A Division of 

•"^extron Electronics, Inc., P.o. Box 
1825, New Haven 8 , Conn., U.S.A. 

b) Commercial Name: Type 1553-AK Vibration Meter, 

Manufacturers General Radio Company, West Concord, 

Massachusetts, U.S.A. 
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Manufacturer: General Radio Company, West Concord, 

Massachusetts, U*S.Ai. 

4, Oscilloscope 

Commercial Name: Type 564 Storage Oscilloscope. 

Special Features; Two Seperate Storage Screens, can be 

Operated in a Variety of Modes 
Including Differential, Multi-trace, 
Wide-band, Sampling and Delayed Sweep; 
Convenient for Detailed Viewing and 
Photography . 

Manufacturer; Tektronix, Inc,, S.W. Millikan Way., 

P.0, Box 500,/ Beaverton., Oregon., 

U.S.A, 

5 , Vibration, Meters 

a) Commercial N$me; MB, vibration Meter, Model M6, 

Manufaotutec; HS Electronics, A Division of _ 

>*^extron Electronics, Inc», P*0. Box 
1825, Wew Haven 8 , Conn., U.S.A. 

b) Cotwercial Names Type 1553-AK Vibration Meter. 

Manufacturer t General Radio Company, West Concord, 

Massachusetts, U.S.A. 


i 
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VITA 

N.R. Krishnaswamy was born on 25 August 1942 in 
Shimoga, Mysore State, He attended Secondary vSchool at the 
Government High School, Chikballapur, Mysore State and passed 
the Public -Examination for the Mysore Secondary School-Leavin 
Certificate in June 1958. Prom June 1958 to Aoril I 959 he 
attended the Pre-University Course of Mysore University at 
National College^ Bangalore and passed the Pre-University 
Examination in June 1959, He enrolled in the University 
College of Engineering, Bangalore in 1959 and i-eceived from 
Bangalore University, the B.E. degree in Civil Engineering' 
in 1965. He was admitted to the Indian Institute of 
Technology, Kanpur, as a graduate student in July 1966 ^.nd 
was awarded an M, Tech* degree in Civil Engineering in June ^ 
1968. He continued, hia' graduate stUdy , at IncUs^n 

Institute of Technology, Kanpur and enrol led in 
Programme in July 1968. 

His profesaional experience includes work with the 
Central Public Works Department of tho Government of India 
Nagpur as a Graduate Secti.on Officer from Eobruary 1966 to 
duly 1966, He has been working as a Senior. Research Aasietan- 
in the Civil Engineering Department at %Uan Institute of 
Technology, Kanpur since S-eptember 1968,1 

He served the .Society of Civil Engiu-sfara, Indian 
Inetitdte. of Teohhology, Kah^iur as a Vice-President, during ' i 

the Aoademia Year i96T-.'6air 
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